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In this study nanoindentation is used to characterize the mechanical properties of 
polymeric materials. The technique of nanoindentation provides unique means to 
measure the mechanical properties of thin films on a small volume of specimen. The 
analysis method for thin film on metal and ceramic materials is being investigated in 
detail, but it has not been well understood for polymer properties by nanoindentation. 
It is due to the remarkable viscoelastic-viscous properties which dominate the 
mechanical properties of polymers. Therefore the theory effective on metal or ceramics 
cannot be used to polymers.  
In this work, we firstly study the properties of bulk polymers by nanoindentation 
to understand polymeric creep behavior under indentation tests. The creep behaviors of 
polymers are comprehensively analyzed on the flat-ended punch tip and further on the 
pointed Berkovich tip, and a model is proposed to describe creep behavior of polymers 
by nanoindentation tests, which is in a good agreement with experimental data. The 
modulus measured by nanoindentation, which is calculated by using 
elastic-viscoelastic-viscous model (EVEV), approximates to that by tensile tests. The 
creep equation from the EVEV model is further used to derive the creep compliance 
and retardation spectrum, on which the storage and loss modulus are based. Then we 
investigate the influence of the molecular structures on the creep behavior in order to 
determine the relationship between the molecular structures and fitting parameters in 
the semi-empirical creep equation. Epoxy is used in this study and three types of 
curing agents are used to change the molecular structure. By varying the quantity of 
curing degree, we qualitatively obtain the relation between curing degree and creep 
parameters. The investigation on the different molecular weight of PMMA shows that 
the length of the chain backbone affects the creep behavior and also the elastic 
modulus. Finally we apply the EVEV model to the thin film of PMMA by spin coating. 
The results show that the effect of the substrate is obvious even though the penetration 
depth is much less than 10% of the total thickness of the thin films. 
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 Chapter 1 Introduction 
1.1 Background 
Polymers are being widely used as engineering materials and functional parts in 
industry. Over more than one hundred years of development, polymers are becoming 
indispensable materials used to substitute many parts which formerly were made of 
metal and ceramic materials. In general, polymers can be divided into two categories, 
one is the thermoplastic polymer and another is the thermosetting polymer. 
Thermoplastic polymers are those which can be re-melted when they are heated to the 
temperature higher than their melting points, while the latter are those which can be 
cured at specific conditions but cannot be melted again even though the temperature is 
raised to some extent once they are cured. There are many advantages of polymers 
including their excellent mechanical properties with much lighter density, resistance to 
many solvents and being molded easily. The products made of polymers can possess 
sophisticated configuration using appropriate mould, which is very difficult to attain 
using metal or ceramic materials. 
Nowadays, polymers are developed to micron and even nano scale size. There are 
more and more devices such as polymer light-emitting devices as low-k films on 
silicon substrate. The optical properties, electrical properties and thermal properties of 
thin films are widely investigated1-2. For such kinds of thin film structures, 
conventional test techniques, e.g., tensile, compression and bending tests, are 
inapplicable due to the difficulties of meeting sample requirements for such tests and 
the complexity integration of materials in the substrate. Moreover, the properties of 
1
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thin films are known to be different from that of the bulk materials. Therefore there is a 
need to propose novel techniques to study the mechanical properties of thin films, or 
small volumes of materials. Nanoindentation technique, also known as Depth Sensing 
Indentation (DSI), has been developed for this purpose. In the following section, we 
will briefly introduce nanoindentation and its applications. 
 
1.2 Nanoindentation and Its Applications 
1.2.1 Nanoindentation 
Nanoindentation is a technique for performing hardness tests. It can provide nano 
scale resolution for the penetration depth during the test. Indentation testing consists 
essentially of touching the material of interest whose mechanical properties such as 
elastic modulus and hardness are unknown with another material whose properties are 
known. This technique may date back to the Moh’s hardness tests in 1822 in which he 
found that a harder material was able to leave a permanent scratch in another softer 
material. In general, the capability of material resistance against the penetration by 
another body is defined as hardness3. Following Moh’s hardness, other hardness 
definitions, such as the Brinell, Knoop, Vickers and Rockwell, were established by 
refining the method of indenting one material with another. Currently, the hardness 
from nanoindentation test is obtained by using a diamond tip to penetrate the material 
of interest. There are distinguished differences between nanoindentation and other 
hardness tests. The first difference is that the displacement scale involved in 
nanoindentation is in the nano scale, namely 10-9 m, while other hardness tests scales 
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at 10-6 m or more. The second difference is that the contact area in nanoindentation is 
measured indirectly, while other hardness tests measure the contact area by optical 
method, which means measuring the dimensions of the residual impression left in the 
specimen surface upon the removal of load.  
The nanoindentation test procedure contains a few segments. There are loading, 
holding, unloading and thermal drift correction segments. The sequence for the 
different segments can be programmed to meet the requirements for different 
experiments. By using appropriate analysis methods4-5, we can derive the elastic 
modulus and hardness. We will address these issues in detail in the section 2.1.2. 
 
1.2.2 Application of Nanoindentation 
There is an exceptionally wide range of opportunities for the use of 
nanoindentation technique to measure the mechanical properties of small volume 
materials or thin films6. From nanoindentation tests, we can get the hardness, elastic 
modulus and stress-strain behavior of materials. Following we will describe the 
application of nanoindentation to bulk materials and thin films. 
 
1.2.2.1  Bulk Materials 
The method to measure the indentation-based properties for metals has been very 
well established. Other than obtaining elastic modulus and hardness, nanoindentation 
can also quantify the properties of specific phases of a fine multi-phase material7. The 
spherical indentation is used to quantify the stress-strain response of the different 
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phases. Bell et al.8 investigated the work-hardened layer of Hadfield steel in order to 
study the yield properties of the martensite phase in white iron (high carbon Fe-Cr 
alloys). Another application of nanoindentation is to characterize the mechanical 
properties of semiconductors. Nanoindentation is an alternative method used to 
investigate the features in semiconductors, such as the influence of dopant 
concentration, fabrication method and hardness basis. Another significant usage is to 
investigate the affects of dislocation to the initiation of plastic deformation, which is 
called plastic creep. Weppelmann et al.9 testified the various elastic-plastic stages of 
indentation as well as the contact pressure associated with them using spherical 
indenter. William et al.10 studied the influence with spherical indenters of dopant level 
and type on the behavior of silicon as well as a range of other semiconductors, e.g., 
GaAs and InP.  
Nanoindentation is also applied to measure the properties of materials made up of 
carbon bonding forms. Field and Swain11 studied the load and displacement response 
of a number of carbon materials, such as glassy carbon, coke and pyrolytic graphite. 
These materials caused a considerable dilemma in terms of hardness characterization, 
because even with sharp indenters (Vickers or Berkovich), the hardness measured 
exhibited almost completely elastic behavior with a small hint of hysteretic response. 
Using indentation technique, one can understand the influence of apex angle of a 
triangular pyramid indenter on the measured force, displacement response and 
estimated contact pressure and modulus. 
In addition, nanoindentation is a good means to investigate ceramics, especially 
Chapter 1 Introduction 
5 
for alumina ceramics and single crystalline sapphire12-13. Fused silica, a kind of 
amorphous oxide material, is used as a reference material to calibrate indenters using 
spherical and pointed tips. Nanoindentation is often applied to investigate the behavior 
of polycrystalline and single crystal sapphire using spherical indenters. Recently, 
considerable attention is given to the composites. There are a number of authors14-15 
who carried out the investigation for inter-phase of composites by using 
nanoindentation and nano-scratch. 
Another important application of nanoindentation is for measuring the mechanical 
properties of polymers. However, it is important to establish a reliable analysis method 
to characterize polymers due to the low stiffness, remarkable creep during loading and 
holding, and extensive recovery upon unloading which would result in the difficulties 
when measuring the hardness and elastic modulus using nanoindentation techniques. 
We will extensively discuss the analysis method of nanoindentation and take advantage 
of it to derive the mechanical properties of polymers in this thesis. 
 
1.2.2.2  Thin Films 
Thin films are significant for current electronic industry due to their unique 
properties in devices, such as low-k polymeric thin films. Their mechanical properties 
are of great interest since they are crucial to the reliability and stability of the device. 
There are many methods that are used to characterize the properties of thin films, 
such as dynamic mechanical analysis (DMA), micro-tensile, bulge tests and 
thermo-mechanical analysis (TMA)16. However, it is quite tedious to prepare thin film 
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sample for those tests due to the micro-scale length of materials, let alone those 
samples which are permanently mounted on the devices. Furthermore, the mechanical 
properties measured by the traditional methods may not really represent thin film’s 
properties because of the substrate influence and interface conditions. As the films get 
thinner with the reduction in the feature size of the device, more demanding 
requirements are needed for the development of techniques for probing the mechanical 
properties of materials at submicron or even angstrom level and the adherence of the 
thin film on substrate. Nanoindentation provides a good means to probe the mechanical 
properties of thin films in term of its high resolution on both load and displacement, as 
well as ease in sample preparation. 
There is a major difference between bulk and thin film materials when using 
nanoindentation to characterize the mechanical properties of materials. The influence 
of the substrate on thin film is a consequence of the mechanical properties of both the 
substrate and the film. Therefore it is necessary to understand the substrate influence in 
order to know the mechanical properties of the thin films. The contact stress field will 
be affected by the substrate unless both their moduli are same. Hill et al.17 first 
proposed a procedure to calculate the contact stress fields within the film and substrate 
with the indenter normally or tangentially loaded. However, it was quite difficult to 
generate these fields and many authors18-19 later resorted to using finite element 
mechanics analysis to solve this problem. We will discuss and solve some issues 
mentioned here in the chapter four. 
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1.3 Motivation 
As pointed out thereinbefore, nanoindentation technique is one of the important 
tools to characterize the mechanical properties of materials, especially for thin films. 
The elastic modulus and hardness derived by this technique show similarly to those by 
the conventional standard tensile testing20-22 for many materials. However, for 
polymeric materials, which possess viscoelastic and also viscous properties under load, 
the analysis method based on traditional elastic-plastic model is questionable. The 
mechanical properties of polymeric materials are dependent on the time and loading 
history23. Continuing efforts are being put into this area and some models are 
proposed24-28. 
In this work, we will try to establish a semi-empirical model which is used to 
analyze the mechanical properties of polymers using nanoindentation testing. Based on 
the model, we will then establish our preliminary methodology to describe the creep 
behavior of polymers. The elastic, plastic, viscoelastic and viscous behavior will be 
comprehensively studied. With this effective model, we will further characterize the 
mechanical properties of polymeric thin films with improved accuracy. 
 
1.4 Project Organization 
We will first discuss creep behavior of various polymers under nanoindentation. In 
order to obtain the creep deformation during the maximum load holding, we analyze 
the deformation occurred in the whole indentation process, including loading, holding, 
unloading, and even a few unloading and unloading holding procedures wherever 
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applicable. A systematic analysis on creep behavior is made and an appropriate model 
is employed. Then we fit the curve based on the experimental results of creep versus 
time and solve the parameters used in the creep equation. Employing those parameters, 
we further calculate the modulus of polymers. 
The next step is to correlate the parameters in the equation with the molecular 
structures of the polymers. By changing the molecular weight for thermoplastic 
polymers, we’re expecting to understand the creep response of main chain to the 
indentation load; similarly, by varying the crosslinking density of thermosetting 
polymers, we want to find the influence of macromolecular networks on mechanical 
properties by investigating their influences on the creep equation. Once we understand 
the relationship between creep behavior and molecular structures, it is easy for one to 
prefigure the long lifetime of polymers if their molecular structures are known. We 
further use the model to measure mechanical properties of thin films and compare our 
method with conventional one. 
In view of above mentioned content, this thesis is organized as follows: Chapter 2 
is the literature review, followed by experimental procedures in Chapter 3. In Chapter 
4, we introduce a model to describe the creep behavior of polymers. Chapters 5 & 6 
are preliminary work to investigate the creep behavior of bulk materials and thin films 
based on this model, in which Chapter 5 addresses the correlation of the creep 
parameters with molecular structures and Chapter 6 uses the model to characterize the 
polymeric thin films. The last chapter concludes experimental results and points out 
the work to be done.  
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 Chapter 2 Literature Review 
 
2.1 Basic Theories in Nanoindentation 
2.1.1 Introduction 
The special interest in nanoindentation comes from its uniqueness in measuring 
mechanical properties of small volume materials and thin films. This technique is 
completely different from the conventional tensile or compression testing used to 
derive elastic modulus or hardness. The relation between stress and strain in 
nanoindentation is quite complicated since the contact area between the indenter and 
the material under load during indentation is not constant for most of the indentation 
cases. Therefore, the classical relation of Hooke’s law cannot be directly used to derive 
modulus using indentation. In this chapter, the basic theory of nanoindentation will be 
introduced and review of the development of indentation theories will be given. Then 
the progress of using nanoindentation technique for studying polymeric creep will be 
introduced. 
 
2.1.2 Basic Theory of Nanoindentation 
2.1.2.1 Modulus Derived from Indentation Test 
The stress and strain in the indentation arise from the contact between two elastic 
solids. Frequently, a rigid sphere and a flat surface are used to represent such contact as 
shown in Fig.2-1, where a  is the radius of the circle of contact, ph  is the distance 
from the bottom of the contact to the contact circle, ah  is the depth of the circle of the 
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contact from the specimen free surface 
and th  is the total depth of the 
penetration. Hertz1-2 found that the 
radius of the circle of contact, a , is 
related to the indenter load P and the 





33 =                   (2-1) 
where rE  is the reduced modulus which combines the modulus of the indenter and 






)1()1(1 22 νν −+−=                              (2-2) 
where ν  is the Poisson’s Ratio, and the subscripts s  and i  represent sample and 
indenter respectively. From Eq.(2-1), the displacement, h , of the original free surface 
















      ar ≤                     (2-3) 
Where, r is the r is the radial distance with coordinate from the central axis. Ideally, it 
can be easily shown from Eq.(2-3) that the depth of the circle of contact beneath the 
specimen free surface is half of the total elastic displacement. That is, the distance 
from the specimen free surface to the depth of the radius of the circle of contact at full 
load is 2/tpa hhh == . Eqs.(2-1) and (2-3) expound that indentation data can be 
correlated to the material modulus. More details are available in the literature3. 
Fig.2-1 Schematic of contact between a rigid 
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For the calculation of modulus based on elastic contact theory, there are some 
differences in view of its indentation deformation. Fig.2-2 is the schematic 
representation of loading versus displacement during nanoindentation. In the figure, S 
represents the contact stiffness while ch  is the contact depth. Oliver and Pharr
4 
revised the method proposed by Dorner and Nix5. One major difference6 between these 
methods is that Oliver and Pharr’s method took into account the changing contact area 
during unloading. Fig.2-3 shows the difference between these two methods when 
indenter presses into the surface and withdraws from the specimen. Oliver and Pharr’s 
method gives a more reasonable explanation on the unloading curve. Loubet et al.7 
adopted the solution of Sneddon8 for the elastic deformation of an isotropic elastic 
material with a flat-ended cylindrical punch. By equating the projected area in contact 
under the indenter to the area of the punch, the modulus can be derived by the 
following equation: 


















dP                                (2-4) 
As described in Eq.(2-2), the reduced modulus rE  is used in the Eq.(2-4) and 
dhdP /  is substituted by contact stiffness S , thus giving: 
rEAS ×= π
2                                    (2-5) 
Oliver and Pharr4 testified that Eq.(2-5) is geometry independent and is useful for 
calculating the elastic modulus in nanoindentation. The following section will give the 
solution for the projected area, A , and the hardness, H . 
 
Fig.2-3 Comparison of indentation penetration 
deformation by Model (a) and (b)6 
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2.1.2.2 Hardness Derived from Indentation Test 
Hardness is defined as the resistance of materials to the plastic deformation 
beneath the load. It is an important parameter to characterize the mechanical properties 
of materials. Theoretical approaches to hardness can generally be categorized into a 
few according to the characteristics of the indenter and the response of the specimen 
material. Hardness may be different if the measured methods are different. Meyer 




WHardnessMeyer π=                              (2-6) 
where W is the load, and d is the chordal diameter of the remaining indentation at that 
load. This leads to the well known Meyer’s law: 
nkdW =                                           (2-7) 
Eq.(2-7) is correct when using spherical indenter. When balls of different diameters are 
used, the values of k  and n  appropriately change. For the balls with different 
diameters such as 1D , LL2D , and giving impressions of chordal diameters 1d , 





















AdW                         (2-8) 











WH ππ                            (2-9) 
From Eq.(2-9), once we know the chordal diameter, hardness can be calculated. 
However, it is somewhat different from the hardness derived by nanoindentation. 
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Fig.2-2 is the schematic representation of load versus displacement during 




H max=                                           (2-10) 
where maxP  is the peak indentation load and A is the projected area of the hardness 
impression using the depth of contact, ch . The contact depth ch  is calculated using 





max ε−=                                    (2-11) 
where ε  is the geometric constant as given in Table.2-16. 
Table.2-1 Punch parameters used in data analyses 
Punch Geometry ε  m  
Flat 1 1 
Paraboloid 0.75 1.5 
Conical 0.72 2 
 
The contact depth ch  can be solved by using appropriate ε  for Eq.(2-11). Therefore 





25.24)( ccccc hChChChhFA ++++== L           (2-12) 
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2.2 Review of Nanoindentation 
2.2.1 Introduction 
Because nanoindentation is a useful technique to measure mechanical properties 
of materials, especially for thin films and small volume materials, it is widely used in 
industry and institution. In this section, a review of nanoindentation will be given and 
the problems discussed. 
The basis of the methods for interpreting depth-sensing indentation data were 
established by Bulychev and Alekhin at the Baikov Institute of Metallurgy in 
Moscow10 in the 1970’s. They developed a depth-sensing indenter which operated in 
the Vickers micro-hardness load regime and established the basic assumptions which 
are generally employed to analyze the depth-sensing indentation data. Their 
assumptions were: 
1) The deformation upon unloading is predominantly elastic; 
2) The elastic compliances of the indenter and sample materials can be 
considered to be isotropic and can be linearly combined to produce a “reduced 
modulus rE ” of the contact. This assumption leads to the Eq.(2-2); 
3) The assumption 1) and 2) are then applied to derive the contact stiffness with 
elastic modulus using elasticity theory as shown in Eq.(2-5). This equation was later on 
verified to be applicable on a solid of revolution of a smooth function by Pharr et al.11, 
who concluded that Eq.(2-5) is independent of indenter geometry and is therefore 
effective for deriving the elastic modulus of materials by non-flat punch tip. The 
advantage of using Eq.(2-5) is that the contact stiffness can be easily measured by the 
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derivative of the unloading data. However, Bulychev and Alekhin did not present a 
method for obtaining both A  and rE  from the data. 
 
2.2.2 Conventional Analysis Method 
The first comprehensive method for interpreting depth-sensing indentation data to 
derive A  and rE  was proposed by Doerner and Nix (D&N)
5. They found that the 
initial stage of the unloading curve is almost a straight line when indenting on different 
materials. They revised the model of Bulychev and Alekhin’s and gave another two 
assumptions: 
1) The indenter can be modeled as a rigid flat punch during the initial stages of 
unloading. From this assumption, Doerner and Nix assumed that the contact area 
remains constant during this stage; 
2) During unloading, the deformation is plastic in the region where materials are 
in contact with the indenter, while elastic deformation happens only outside the 
contact. 
Doerner and Nix used their model to obtain the plastic deformation ph  by fitting 
a straight line to the initial unloading data and extrapolating this line to the depth axis. 
The contact area A  is derived using the function of the indenter by employing the 
ph . On the other hand, the total compliance, SCt /1= , and the compliance of the 







π+=                                   (2-13) 
By plotting tC  against 
5.0−A , rE  and mC  can be obtained. There are more details 
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on this method to calibrate value for rE  and mC  in the literature
12. 
The issue of finding the contact area A  is now addressed. In the early 1980’s, 
several authors13-15 used direct observation of the hardness impression to get the area. 
The residual impression is hard to measure accurately, thus resulting in error which 
causes the calculated values of hardness and modulus to be much larger than they 
should be because of the recovery of the impression. As we mentioned in the preceding 
section, the area can be alternatively calculated by using the unloading data. Oliver et 
al.16-17 suggested one simple method to calculate contact area by using the 
load-displacement data and the indenter area function (or shape function) (refer to 
Eq.(2-12)). The basis for this method is that the material, at the maximum load 0P , 
conforms to the shape of the indenter to some depth17. Once the area function is known, 
and the contact depth ch  is obtained from load-displacement data, we can get the 
contact area. There are two choices for the contact depth determined by indentation 
load-displacement data. Oliver et al.17 used Transmission Electron Microscope (TEM) 
to establish the shape function and found that fh  is better than maxh  to estimate the 
area function. 
Doerner and Nix5 subsequently proposed a new method to determine the area 
function during indentation. Based on the assumption that the material in contact with 
the indenter is plastically deformed while outside the contact the material is only 
elastic deformed at the surface, the contact area remains constant as the indenter 
unloads. Thus, ph  is used instead of fh . This method is later on revised by Oliver 
and Pharr4 to using sh  instead of ph  (refer to Figs.2-2&3). So far, the model 
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proposed by Oliver and Pharr is generally used as a basis for analysis of elastic 
modulus and hardness of materials by nanoindentation. 
 
2.2.3 Loading and Unloading Curves 
Another important issue which should be addressed in indentation 
load-displacement data is the analysis of the loading and unloading curves.  
Loubet et al.18 investigated the loading curve and used a power law relation to 
interpret the loading curve. Their analysis was used to fit the loading data from Vickers 
microhardness test. They found that for most of the materials the power law is valid. 
The power law equation can be expressed as: 
nChP =                                           (2-14) 
where C  and n  are constants. From the geometric point of view, for conical or 
pyramidal indenters, the power n  should be equal to 2. However, Loubet et al.18 
obtained 3/5≅n  for most of the materials. The lower n  value than expected was 
attributed to the work-hardened layers on the surface of materials, e.g., aluminum and 
steel samples, but this explanation was unsuitable for the ceramic materials. Later on, 
Hainsworth et al.19 proposed a different analysis for loading curves and fitted the 
loading curves by using P  versus 2h , which seems to have a better fitting result than 
the former one. Hainsworth’s method can be used to calculate the hardness or elastic 
modulus if we know one invariant of them. Hainsworth and Page20 further used their 
2hP −  approach to the soft coated films on hard substrate. Using the same method, 
McGurk et al.21 further developed the 2hP −  approach to explore, in more detail, the 
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deformation response of thin, hard-coated systems on substrates. They analyzed the 
constant expK  and mK  as a function of displacement point by point, where expK  












φψ                     (2-15) 
2exp h
PK =                                          (2-16) 
McGurk et al.21 used the continuous variation of expK to identify various fracture 
phenomena and correlate them to the coating’s properties. 
Hay et al.22 derived the loading curve relation from contact mechanics based on 
the mathematical foundations, dating back to the solution of the problem of contact 
between a solid of revolution and an elastic continuum by Boussinesq23. The solution 
was further revised and developed by the followed researchers24-28, and finally 
Sneddon29 showed that the method of Hankel transforms could be used to simplify the 








π                              (2-17) 
where φ  is the half-included angle of the indenter, and h  is the indentation 
displacement. Eq.(2-17) is used to describe the load-displacement relation indented by 
a right cone. Hay et al. introduced a constant γ  to characterize the magnitude of the 
relative increase in load by the ratio of the load determined in the rigid cone finite 
element simulations to the load predicted by Sneddon’s analysis evaluated from 








πγ                             (2-18) 
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In addition, the 2hP −  relationship was investigated by adopting finite element 
method30. 
Another important feature in nanoindentation is to take advantage of the unloading 
curve to derive the mechanical properties of materials. It is the unloading data of 
load-displacement indentation tests that provides the information concerning the 
mechanical properties of indented materials. The model based on the unloading curves 
was proposed and revised in the literatures4,5. This topic was addressed in the former 
section. In effect, most methods currently used are based on this model. Zeng et al.31 
thoroughly investigated the unloading curve for indentation on a few of materials using 
a FEM numerical calculation on Vickers and Berkovich indentation32,33. Later on, Zeng 
and Chiu34 proposed a new empirical method to analyze nanoindentation 
load-displacement curves. Their method was based on the experimental results and 
finite element calculations. The elastic modulus, strain-hardening and yielding-stress 
are linked to the indentation-unloading curve as the following equation: 
)()()1( 0
2 hhSEhvfP −+−= θθ                        (2-19) 
where 0h  is a constant referring to the plastic depth of an indentation on the 
elastic-perfect plastic material, v  is the Poisson’s ratio, )1( θ−  and θ  are the 
weight of the elastic and elastic-perfect plastic responses in the unloading curve 
respectively, and )(vf  is the effect of Poisson’s ratio on an elastic indentation. For 







−−−=                 (2-20) 









σθ =                                             (2-22) 
Where yσ  is the yielding stress. From Eq.(2-19), it is useful to apply the equation 
relationship to provide good estimations for the yielding stresses, even though it lacks 
a rigorous theoretical support. This model can fit the unloading curve on different 
kinds of materials. 
 
2.3 Indentation on polymers 
As we discussed in the preceding sections, the method used to derive the hardness 
and modulus from nanoindentation tests was based on the model proposed by Doerner 
and Nix5, and further developed by Oliver and Pharr4 taking into account the elastic 
recovery during the unloading segment of the nanoindentation. For most of the 
elastic-plastic materials, such as metal and ceramic, the hardness and modulus can be 
accurately determined by these methods. However, for most of the polymeric materials, 
the viscoelastic properties of the materials, especially rate- and time-dependent 
properties are not taken into account in the nanoindentation analysis. Therefore, the 
analysis of nanoindentation of polymeric materials has to consider polymer’s rate- and 
time- dependent properties. 
Briscoe et al.35 described various analytical procedures that account for the 
influence of the geometry of a rigid indenter upon the measured contact compliance of 
a perfectly smoothed elastic half space. Their method considers the geometric factor of 
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indenter using the constants m  and n  in the expression of nfhhm )( − , where h  
is the total penetration depth and fh  is the final depth of the contact impression after 
unloading. Briscoe and Sebastian36 investigated the elastoplastic materials based on a 
compliance method proposed by Loubet et al.7 which showed that the elastoplastic 
response of the contact compliance of the polymer may be effectively modeled by the 
Box-Cox transformation procedures37. Later on, Briscoe et al.38 systematically 
investigated a series of polymeric materials by nanoindentation using the contact 
compliance method. They found that the indentation depth continues to increase 
immediately after the unloading segment begins due to the creeping effect of 
viscoelastic polymeric materials, leading to a ‘nose’ phenomenon. The method they 
applied to eliminate the presence of the ‘nose’ during unloading is to hold the indenter 
at the maximum indentation load for a period of time. However, different holding time 
leads to the different maximum indentation depth and the true contact depth, as well as 
the unloading stiffness. Modulus and hardness thus decrease with increase of holding 
time. The results of modulus and hardness are therefore dependent on the experimental 
conditions, such as holding time and maximum force. In addition, there are number of 
experimental factors which cause inaccuracy in the measurement of modulus and 
hardness. Some of these factors include load resolution, initial contact load, reference 
materials for calibration, and system compliance. VanLandingham et al.39 have 
reviewed and summarized the analysis method of characterization of polymeric 
materials and determined the uncertain issues during the indentation of polymeric 
materials. They concluded that a suitable method that can give quantitative 
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characterization of polymer properties will require material-independent calibration 
procedures, polymeric reference materials, and a new testing and analysis procedure 
that accounts for polymer rheological behavior. 
One of the phenomena that had to be understood before we can accurately 
characterize the mechanical properties of polymeric materials by nanoindentation 
technique is the indentation creep behavior of polymers. Strony and Gerberich40 
proposed a method to acquire the modulus of polymeric materials. Their research is 
compared with Cheng et al.41,42 who developed analytical models for the flat-ended 
punch and spherical indenters using a three element Kelvin-Voigt model. This model 
was applicable for a linear viscoelastic material to extract shear and elastic modulus 
from load relaxation and creep testing with a nanoindentation apparatus which was 
successful in considering the hydrostatic pressure and substrate influence. But the 
model cannot fit the creep behavior well, especially for the initial part of the creep 
curve, and the correlations between the fitting parameters in the model and the 
material’s characteristics were not clear. Furthermore, Grau et al.43 investigated the 
mechanical properties of glasses and polymers by nanoindentation. Taking into 
account the different loading rates and regimes (loading, hold segment and unloading), 
several models based on rheological principles were proposed. Their results showed 
that the best fit of power law with squares of the indentation depth could be obtained 
by combining the rheological elements for elasticity, plasticity and viscosity in series. 
In addition, it was found that the different tip configuration affects the loading and 
unloading curves as reflected in the geometric factor35,38,43. 
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Recently, Oyen and Cook45 proposed a Viscoelastic-Plastic (VEP) model taking 
into account the viscoelastic properties in the creep test. They gave quadratic models 
based on Oliver and Pharr’s model, and they concluded that after certain time from the 
beginning of creep, the creep deformation reaches a steady-state rate over a broad time 
range. However, this model still cannot fit well the rapid increase response at the 
beginning of the creep. Shimizu et al.46 used an elastic solution to the viscoelastic 
contact problems. They derived the relation of )(tP  versus t  by using a Maxwell 
model on the prerequisite that the relaxation modulus is known. However, relaxation 
modulus and creep compliance are often unknown and need to be deduced from the 
experimental data. 
The creep behavior of polymers (when load is kept at a constant) is investigated in 
this thesis using flat-ended Punch and Berkovich tips. An Elastic-Viscoelastic-Viscous 
(EVEV) model is proposed to describe the indentation creep behavior of polymers. 
The empirical formula derived from the model is used to fit the experimental creep 
data. The elastic modulus can be calculated by using the parameters in the creep 
formula rather than using the unloading data, which is dependent on the holding time 
and unloading rate. Further more, the creep formula is used to derive the creep 
compliance and retardation spectrum of nanoindentation. 
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 Chapter 3 Experimental Methodology 
 
3.1 Introduction 
In this work, thermoplastic and thermosetting polymers were used to investigate 
the mechanical properties by nanoindentation creep test. A basic model was established 
to simulate the creep behavior of the examined thermoplastic and thermosetting 
polymers. The objectives of the experiment were to find the difference and similarity 
of the creep between thermoplastic and thermosetting polymers. Several polymers, 
including polymethyl methacrylate (PMMA), polystyrene (PS), polyethylene 
terephthalate (PET), polycarbonate (PC) and epoxy, were applied to establish the 
empirical model. This model has been further used to determine the relationship 
between molecular structures of polymers and fitting parameters of the creep equation. 
For this purpose, different molecular weights of PMMAs and crosslinking densities of 
epoxy were used and analyzed by the model. 
 In addition, polymer samples were also analyzed by X-Ray Diffraction (XRD), 
Scanning Electron Microscope (SEM), Atomic Force Microscope (AFM), Differential 
Scanning Calorimetry (DSC), Thermogravimetric Analyzer (TGA) and Dynamic 
Mechanical Analysis (DMA).  
 
3.2 Preparation of Samples 
3.2.1 Samples Preparation for Establishing Model 
Four kinds of thermoplastic polymers and one thermosetting polymer were used in 
this work to establish the creep model. The benchmarked materials include PMMA, 
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PC, PET, PS and Epoxy. Their properties are listed in Table.3-1. A thermosetting 
polymer, E332, was also studied for comparison. The morphology and the glass 
transition temperature, gT , were measured using XRD and DSC, respectively. 
Table.3-1 Materials and properties 
Classification Material gT )(
0 C  Structure* Remarks 
PMMA 115.20 Amorphous 
PS 103.38 Amorphous 
PET 76.27 Amorphous 
Thermoplastic
PC 150.80 Amorphous 
Goodfellow 
Cambridge Ltd. 
Thermosetting Epoxy 210 Crosslinking Prepared in IMRE 
* We used amorphous polymer in order to avoid the complicated creep behavior due to 
anisotropic properties during indentation 
Samples were tested using nanoindentation according to the procedures described 
on section 3.4. The experimentally recorded load-displacement data were used to 
establish the creep model for polymers. 
 
3.2.2 PMMA Sheet with Different Molecular Weights ( wM ) 
The molecular weight of PMMA varies according to the value of n  (see 
Appendix 2-A). The molecular structure of PMMA is shown in Appendix 2-A. In this 
work, the PMMAs with four different wM  were studied and their properties are listed 
in Table.3-2. 
Table.3-2 Properties of PMMA with different molecular weight. 
Properties Designation Mw Morphology Tg (°C) 
15,000 Powder / 
120,000 Powder 114 
350,000 Powder 122 
PMMA* 
996,000 Powder, Crystal 125 
* Samples provided by SIGMA-ALDRICH. 
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CARVER, Sample Mould Press (LMS Technologies Pte, Ltd., Indiana, USA), 
was used to prepare PMMA thin sheet from powder morphology. The preparation 
procedure is summarized as following: 
1) Preheat the powder sample in 180 C°  and under low compression force (300 
kg, for 4 mins) (The dimension of the mold used is 6 cm × 6 cm); 
2) Increase the force to 1000 kg and hold for 2 mins; 
3) Further increase to 3000 kg and hold for 3 mins; 
4) Remove the sample and cool the thin sheet in cold water. The whole 
procedure for this stage is depicted as following: 
coolskgskgskg →→→ min3/3000min2/1000min4/300  
The time of sample under the high force and temperature must be carefully controlled 
to prevent any degradation occurred in PMMA. Generally speaking, the longer the 
time, the smoother the surface of final samples. It is recommended to use aluminum 
foil to cover the mold so that the sample can be easily removed from the mold; 
5) The PMMA thin sheet is cut into small pieces, e.g., 1 cm × 1 cm, for 
experimental use. 
 
3.2.3 PMMA Coating with Different wM  
The molecular weights, 000,120=wM  and 000,350=wM , of PMMA were 
selected to prepare thin coatings by spin coating technique. The PMMA thin coating 
was prepared according to literature1,2. Solutions of PMMA/toluene were mixed with 
concentrations of 1.0 and 5.0 wt% of PMMA. Silicon wafer was chosen as substrate 
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and cut into the small pieces whose size was suitable for indentation tests before being 
spin coated. The procedure for preparing film is briefed as follows: 
1) Clean silicon substrate. Small pieces of the Silicon were soaked in acetone, 
isopropanol, and distilled water in sequence for 10 mins each. Ultrasonic Cleaning 
Bath (Sonomatic 315, Agar Scientific Ltd.) was used to accelerate the cleaning 
process; 
2) Prepare solution. PMMA/toluene was mixed with weight ratio mentioned 
above. The mixed solution was put on the magnetic stirrer (11 Labels-RCT Magnetic 
Stirrer 2581000-5 NOS, Labquip (5) Pte, Ltd.) so that PMMA can be dissolved 
thoroughly; 
3) Prepare films on spin coater (CEE Model 100) with following sequences: 
Spin the mixed solution with the spin speed increasing to 1000 rpm in 2 seconds 
and then increase to 2000 rpm. The ramp from 1000 rpm to 2000 rpm is 500 rpm/sec. 
4) Air dry and then place in a vacuum oven at 140°C for 1hr. 
The resulting PMMA films have thickness ranging from 3 to 5 mµ , which is roughly 
measured by step profiler. 
 
3.2.4 Epoxy Sheet 
3.2.4.1 Epoxy Resins 
Epoxy resins were selected for two purposes: one was to compare with the 
thermoplastic polymer for creep model, another was to understand the molecular 
structure influence on creep behavior. 
Chapter 3 Experimental Methodology 
34 
All epoxy resins were purchased directly from Dow Plastics. Dow Epoxy Resin 
was written as acronym DER. Two types of epoxies were used in the project, which 
were DER332 and DER354. Their chemical structures are shown in Appendix 2-B. 
The basic properties for DER332 and 354 are listed in Table.3-3 
Table.3-3 Basic Properties of DER 
Products EEW* (g/eq) Viscosity (mPa.s@ 25°C) Description 
DER354   168-182 3,500-5,700 Standard, liquid bisphenol-F based epoxy resin. 
DER332 171-175  4,000-6,000 High purity, diglycidyl ether of bisphenol-A 
*EEW: Epoxide equivalent weight. (Supplied by Dow Chemical) 
 
3.2.4.2 Curing Agents 
Three types of curing agents were used to react with epoxy samples, which were 
Ethacure 100-LC Curative (LC100), 4,4’-diamine-diphenyl-sulfone (DDS) and 
Jeffamine 400®(J400). Their chemical structures are shown in Appendix 2-C. LC100 is 
a mixture, whose major isomers consist of 3,5-diethyltoluene-2,4-diamine, 75-81 
(wt%), and 3,5-diethyltoluene-2,6-diamine, 18-20 (wt%). DDS was purchased from 
Sigma-Aldrich with a molecular weight of 248.31g/mol. The n  of J400 is equal to 
65 − . 
 
3.2.4.3 Epoxy Sheet Samples 
The epoxy resins and curing agents were mixed at room temperature and put into 
the vacuum to remove the air trapped in the epoxy system. Then the mixture was 
pre-cured under vacuum at C0100  for 2hrs. The samples were then post-cured at 
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C0180  for 5hrs. Sample’s ingredients were listed in Table.3-4. 
Table.3-4 Ingredient of DER332 and LC100 










S06 J400 1.8:1.0 
S07 
DER332 
DDS 2.8:1.0 Changing hardener 
S08 DER354 LC100 4.0:1.0 Changing resin 
* E: epoxy; H: hardener. 
Samples finally were cut into appropriate size for following experiments. 
 
3.3 Nanoindentation Experiment 
3.3.1 Equipment 
Two types of indentation systems were used to characterize the creep behavior of 
polymers, which were MTS Nano Indenter XP and Ultra-Micro Indentation System 
(UMIS).  
3.3.1.1 MTS Nano Indenter XP 
Fig.3-1 is the schematic representation of Nano Indenter XP (MTS Cooperation, 
Nano Instruments Innovation Center, TN, USA). The indentation test proceeds as 
follows: Force is imposed on the indenter by passing current through a coil that sites 
within a circular magnet as illustrated at Fig.3-1. Displacement is measured by the 
displacement sensing system consisting of the three-plate capacitive arrangement.  
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All three plates are circular disks and the two outside plates are fixed to the head and 
have holes in the center just large enough to accommodate the indenter shaft. The 
center plate is fixed to the indenter shaft and is free to move vertically between the two 
outside plates. The position of the indenter column within the gap is determined by 
observing the difference in voltage between the center plate and either of the two 
outside plates. More detail is available in MTS website (www.mts.com). Nanoindenter 





A coil magnet assembly is applying the load
2 leaf springs are holding the indenter column 
Capacitance gauge gets the displacement 
measurement 




Fig.3-1 Schematic of Nanoindentation (MTS Corporation)3 
Chapter 3 Experimental Methodology 
37 
Table.3-5 MTS Nano Indenter XP Specifications4 
Parameters Specifications 
Displacement resolution <0.01 nm 
Maximum indentation depth 500 µm 
Maximum load 500 mN 
Load resolution 50 nN 
Load resolution 50 nN 
Position control Remote with mouse (motorized in x-, y-, and z- directions). Fully automated during experiments
 
 
In addition, the precision of test results is proportional to the external conditions 
surrounding the equipment. Therefore, the laboratory conditions, such as vibration, 
noise, humidity, air current and temperature must be controlled.  
 
3.3.1.2 Ultra-Micro Indentation System (UMIS)5 
Fig.3-2 shows UMIS nano-indenter (UMIS-2000, CSIRO, Australia), which is 
used in this study to measure the creep behavior of polymer using flat-ended punch 
indenter tip. Some of the specifications for UMIS are summarized in Table.3-6. 
Fig.3-2 Ultra-Micro Indentation System 
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Table.3-6 UMIS Nano Indenter Specifications 
Range Setting Parameters 
× 1 × 10 
Maximum penetration depth ( mµ ) 2 or 4 20 or 40 
Resolution ( nm ) 0.05 or 0.1 0.5 or 1 
Measurable resolution ( nm ) 0.1  
Maximum force ( mN ) 50 500 
Contact force ( mN ) 0.02 0.2 
 
3.3.2 Creep Test Procedures 
3.3.2.1 Sample Mount 
Sample was mounted on to the nanoindentation sample holder using adhesive 
(Supa Glue, SELLEYS®, Australia). It is important for the experiment to keep the 
sample surface in the same level and sample should be adhered to the holder strongly 
enough so that there is no motion along x- or y- direction during indentation test. For 
MTS, several samples could be tested at the same holder, while for UMIS, one sample 
is usually used at one time. 
 
3.3.2.2 Indentation Procedures 
Because indentation creep is completely different from the conventional creep 
tests in which the sample is under the simple tension or compression force, much 
attention has been paid on the analysis method for indentation. It is necessary to design 
a special experimental procedure in order to understand the creep behavior of polymers 
(the reason will be stated in Chapter.4). The procedure is schematically shown in 
Fig.3-3.  
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Table.3-7 Creep procedures during nanoindentation 
Control Parameters 
Segment Region Time (s) / Rate 
(mN/s) Load (mN) 
Load BA →  2 / 2.5 50 →  
Hold CB →  2000 s 5 
Unload DC →  2 / 2.5 005.05 →  
Unloading Hold ED →  4000 s 0.005 
Final Unload FE →  0.0125 mN/s 0005.0 →  
 
The details for different segments during the whole cycle of tests are expounded at 
Table.3-7. For both UMIS and MTS systems, samples were mounted on a steel sample 
stub and attached onto the x-y table either by magnetic force (UMIS) or by side-screw 
(MTS). The load was ramped from zero to 5mN in 2 seconds. Then the load was held 
for 2000 seconds and then unloaded to 1% of the peak load, followed by the unload 
hold segment for 2000 seconds. Finally the indenter was withdrawn from the sample 
surface totally. Two unloading rates were applied in order to guarantee the first part of 
the unloading curve is solely elastic deformation (Table.3-7). The procedures for creep 
experiments will be discussed in detail in Chapter.4. 
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3.4 Characterization of Other Properties 
3.4.1 DSC 
A Differential Scanning Calorimeter, DSC-2920 (TA Instruments, USA), was used 
to test the glass transition temperature of polymers. The polymers used in this work 
have glass transition temperature higher than 50°C. The experimental procedure for 
DSC was carried out in sequence as shown in Fig.3-4.   
Fig.3-3 Indentation procedures during nanoindentation (for polymers) 




A Multimode Scanning Probe Microscope (Digital Instruments, Vecco, USA) was 
used in the study. Samples with a smooth surface are placed on the sample holder, and 
then the distance is adjusted between the sample surface and tip. TappingMode™ 
AFM was used to measure topography by tapping the surface with an oscillating 
indenter. This eliminates shear forces which may damage soft samples and reduce 
image resolution. TappingMode is available in air and fluids.  
Tapping mode was applied in the experiment. The frequency of scanning is 1Hz. 
The scan size, scan rate and resolution are 10 mµ , 1 Hz  and 1 nm  respectively. 
The AFM was used to characterize the surface conditions before and after indentation. 
The indented surface was scanned to find the size of the indent and its residual 
Nitrogen On 
Isothermal for 5mins 
Equilibrate at 50°C 
Ramp: 10°C /min from 50°C to 200°C 
Isothermal for 1min 
Ramp: 10°C /min from 200°C to 50°C 
Ramp: 10°C /min from 50°C to 200°C 
Fig.3-4 DSC Test Procedures 




3.4.3 X-Ray Diffraction (XRD) 
XRD (Bruker AXS INC. Madison, Wisconsin, USA), is used to characterize the 
morphology of polymers. The theory of XRD is based on the Bragg’s Law6: 
θλ sin2dn =                           (3-1) 
where n is the order of reflection, λ  is the wavelength of the incident X-ray, d is the 
lattice spacing, characteristic of each crystal structure, and θ  is half of the diffraction 
angle ( θ2 ). 
 Both powder and sheet from polymers were mounted on the holder. θ2  was set 
to 020 , 040  and 040 . 40 KV voltage and 30 mA current were applied to all tests. 
Each sample was scanned 300 seconds. The purpose of this experiment was to confirm 
that the sample was amorphous so that the assumption made for the creep model is 
valid. 
 
3.4.4 TGA and DMA 
Before testing DMA, TGA (TGA 2050, TA Instruments, USA) was used to 
measure the melting point mT  of the samples, this is to avoid the machine damage if 
the temperature is too high. The upper limit of temperature in the DMA must be 
C°100  lower than mT . The scope of temperature for TGA varies from room 
temperature to a maximum of C°600 . The ramp rate is min/20 C° . 
DMA (DMA 2980 TA Instruments) was used to characterize the epoxy samples. 
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DMA can obtain the rubber modulus and glass transition temperature of epoxies by 
increasing temperature. Chapter 5 will describe how to calculate the crosslinking 
density using the data of rubber modulus. 
The experimental procedure for DMA is briefed as following steps.  The first 
step is to prepare epoxy samples with specific dimension, which was useful for later 
calculation. The second step is to mount the sample on the holder. Then the parameters, 
e.g., upper limit temperature, temperature increasing speed and decreasing speed etc, 
should be carefully selected. The upper limit temperature is determined by the results 
of TGA, and temperature increasing and decreasing speeds are min/10 C° . 
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 Chapter 4 Creep Theory of Polymers by Nanoindentation 
 
4.1 Introduction 
The deformation of polymer is different from that of other materials, such as metal 
and ceramics. This is mainly due to the reason that the former depends on the time 
while the latter does not. In tensile tests with a fixed load, polymer will exhibit creep. 
It is similar for indentation test since the penetration deformation proceeds under the 
constant load. In this chapter, we will firstly propose a theoretical model for the 
indentation creep, and then detailed discussions will be given to the different segments 
of the whole indentation tests in detail. It is also essential to determine the 
nanoindentation procedures so that the real creep behavior can be characterized by this 
technique. 
 
4.2 Theory Analysis 
Theoretical Analysis - Elastic-Viscoelastic-Viscous (EVEV) Model 
Generally speaking, the viscoelastic behavior of polymers can be described by a 
series of dashpots and linear springs known as Kelvin Model1. This model is usually 
used to describe the creep of polymers. The simple Kelvin Model consists of 
two-element which includes a spring and dashpot elements connected in parallel. 
Under the stress, the strain in the dashpot and spring is the same, while the stress is 
equal to the sum of the stress in the spring and dashpot as shown in Fig.4-1(a).  
We first consider the indentation by a flat-ended punch using this model. In the 
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elastic solution2 for an indentation with a flat-ended cylindrical punch, the load, eP , 
















−==σ                (4-2) 
where R  is the radius of the flat-ended tip indenter, E  and ev  are the elastic 
modulus and Poisson’s ratio of the elastic half space, respectively, and eσ  is the stress 
on the spring. If ( )evRG −14  is substituted by K , then, we can re-write Eq.(4-1) as: 
Fig.4-1 The schematic representation of linear viscosity of polymers1 
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see KhP =                              (4-3) 
where K  is a constant related to the spring constant k. Eq.(4-3) describes the relation 
between load and penetration depth for a spring. Similarly, for the dashpot, the load 
and displacement indented by flat-ended punch tip leads to,  
dt
dh
P vv ϕ=                          (4-4) 
and ϕ is a constant related to the viscosity coefficient of the dashpot. Similarly to the 
analysis of Kelvin Model, if we assume, 
ve PPP +=                                 (4-5) 
Substituting Eq.(4-3) and Eq.(4-4) into Eq.(4-5) and integrating the resultant equation 
gives indentation creep function for the two-element Kelvin model, expressed by 
indentation load and penetration depth, 
)1( /0 ϕKtve eK
P
h −−=                         (4-6) 
where veh  is the indentation depth during the creep, 0P  is the constant indentation 
force for the creep test and t is the creep time. Eq.(4-6) can describe the viscoelastic 
creep behavior for a linear viscoelastic material using flat-ended punch indenter. We 
wish to point out that Eqs.(4-1) to (4-6) are analogous to the creep equations derived 









h=ε , whereas inh  is defined as a virtual length during the indentation of 
polymeric materials (we will discuss this in more details in the later section). We also 
define a basic relation that the indentation load can be separated as the load for elastic 
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and viscoelastic deformation (Eq.(4-5)). 
The general theory of creep3 shows that there are total three stages during the 
creep. The tertiary creep of material under tensile tests leads to fracture, which is 
different from the indentation experiments, while the indentation load most likely only 
leads to the primary and secondary creep for polymeric materials and, in general, the 
fracture is not observed during indentation. In addition, the binding of long chain of 
polymers might slow down or even reduce the creep to some extent4. In addition, the 
viscoelastic deformation, as in the Eq.(4-6), including the primary creep, instantaneous 
elastic deformation, the tertiary creep, and viscous flow, also influence the behavior of 
polymeric creep. The total displacement during indentation hold should include the 
instantaneous elastic deformation, plastic deformation, viscoelastic deformation and 
viscous flow. If we ignore the plastic deformation ph  during the punch indentation, 
the general elastic-viscoelastic-viscous model can be illustrated using Fig.4-1(b), 
which consists of a series of two-element Kelvin models, known as generalized Kelvin 
Model. According to the Eqs.(4-3) – (4-6), the total displacement, h, during the 




















ϕ            (4-7) 
If we substitute 00 / KP with eh , iKP /0 with ih , 00 / Pϕ  with 0µ  and ii k/ϕ  with 










/ /)1( µτ              (4-8) 
where he is the indentation depth at the first spring, ih  represents the indentation 
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depth at the thi −  Kelvin element, 0µ  represents a constant related to the viscosity 
coefficient of the last dashpot and iτ  is the retardation time for the thi −  element. 
Eq.(4-8) is similar to the creep function from generalized Kelvin model except that 
Eq.(4-8) is in term of load and indentation depth. The experimental data is used to fit 
creep curves based on Eq.(4-8) and all parameters in this equation can be derived 
through curve fitting. Then we can solve the constant in spring and dashpot of the 




K 0=                                 (4-9) 
eh
P
K 00 =                                 (4-10) 
i
ii h




µϕ =                                 (4-12) 
  ( i  = 1 to n) 
We noticed that Eq.(4-8) is comparable with the creep equation by tensile test. For the 
tensile creep test, the strain changes with the time1 using a general Kelvin Model, 









σσε η           (4-13) 
where E  and η  represent Young’s modulus and viscosity coefficient respectively. In 
the nanoindentation under the flat-ended punch indenter, as indicated earlier, strain 
may define as 
inh




P=σ , Eq.(4-13) can thus be written as: 

















η        (4-14) 
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where inh  is defined as a virtual length during the indentation of polymeric materials, 
0A  is the contact area at the end of loading segment. Comparing Eqs.(4-8) with (4-14), 





















0 ==    (i=1 to n, i=0, 00 µη inh= )      (4-16) 
There are two extreme cases in which only elastic deformation occurs or only viscous 
deformation occurs. Completely elastic deformation (i=0), or time infinite and even 
equal to zero, the value of 0E  characterizes the time-independent elastic property of 
polymers. Similarly, completely viscous flow, the viscous coefficient, 0η , 
characterizes the viscous properties of polymers. Therefore the modulus and viscous 
coefficient can be obtained through the indentation creep experiments. 
We will further show that this model can be applied to the indentation test using 
Berkovich tip. There are two major differences between punch and Berkovich 
indentations. The first one is that for the latter there is plastic deformation ph  during 
the loading. The plastic deformation is included in the measured total penetration depth 
from which it should be subtracted to model the indentation creep data. The detail 
solution on how to get ph  will be discussed in the later section. The second difference 
is that for the latter the contact area changes with the time, thus modulus and viscosity 
coefficient of materials calculated from Eqs.(4-15) - (4-16) will change with the 
contact area (A0 is replaced by A(t)) in associated with the penetration of indenter tip 
into the materials. The modulus during sharp indentation is therefore obtained at the 
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initial stage of the creep, i.e., at the beginning of the maximum load holding. The time 
dependent modulus will be discussed in this work and studied in detail in the future. 
 
4.3 Creep in the maximum hold segment 
The indentation creep experiment schematically stated in Fig.4-2 is different from 
the conventional tensile creep tests. For the latter a constant stress is applied from the 
beginning of the creep tests (for a dead-load creep test), whereas for the former there is 
a loading segment before the constant load is reached. In addition, the indentation 
creep is a localized test since the creep only occurs within the indentation sites and the 
surrounding materials remains un-creeped during the experiments, whereas the tensile 
creep is macroscopic and creep occurs in the whole specimen. 
Our method is based on the flat-ended punch tip solution, Eq.(4-8). The flat-ended 
punch indentation is performed with maximum load 5 mN and loading rate 2.5 mN/s, 
Fig.4-2 Comparison between idea and actual holding load during indentation 
for the initial part of the creep test. 
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only 2 seconds for loading to the maximum load. The results are summarized on 
Fig.4-3 and Table 4-1. The results show a good agreement between the experimental 
data and the predictions of the Eq.(4-8).  From the curve fitting of Eq.(4-8), we can 
obtain all the parameters as shown in Table.4-1 for the case of flat-ended punch 
indentation. Table.4-1 shows the results based on the three two-element Kelvin models.  
Table.4-1 Fitting Parameters of Polymers for Creep Curve by Flat-Ended Punch Tip 
Materials Parameters 
PMMA PET Epoxy 
he (nm) 562.53 153.67 155.12 
h1 (nm) 15.70 18.29 17.31 
τ1 (s) 10.98 16.44 15.30 
h2 (nm) 57.74 32.59 38.26 
τ2 (s) 59.13 82.56 69.12 
h3 (nm) 102.15 56.04 57.49 
τ3 (s) 399.84 651.56 521.08 
µ0 (s.nm-1) 23.82 41.42 - 
The reason will be discussed in the later sections. 
Fig.4-3 Creep behavior of polymers by the flat-ended punch indenter tip. 
(Measured on UMIS) 
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Now, we turn our attention to the creep experiments using the sharp Berkovich tip, 
Fig.4-4 shows the creep curves of PMMA, PS, PC, PET and Epoxy as well as the 
fitting curves using Eq.(4-8). It is very important to note that in the case of the sharp 
indentation, Eq.(4-8) still can fit indentation creep data well with somewhat different 
fitting parameters compared with that of the flat-ended punch cases. Eq.(4-8) can also 
capture the sharp increases of the initial creep deformation when using the sharp 
indenter tip as shown in Fig.4-4. It should also be pointed out that the initial creep 
curve increases much sharper in the sharp indenter case comparing with that of the 
flat-punch indenter. This is probably due to that the flat-ended punch can give a steady 
state of penetration velocity at constant load whereas the sharp punch does not show a 
steady state at a constant load.5 However, as we shall show in this study, sharp 
Fig.4-4 Fitting curves of polymers using EVEV model. 
1). Thermoplastic polymers: PMMA, PS, PC and PET.  
2). Thermosetting polymers: DER332:LC100=3.8:1.0 
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indentation can still be effective on indentation creep experiments in deriving useful 
mechanical properties. 
 
4.4 Influence of loading process on creep 
As we have indicated earlier, the ideal loading segment should be fast enough so 
that the viscoelastic deformation is minimized during loading segment (A to B in 
Fig.3-3). Under this condition, there are only plastic and elastic deformations occurred 
during loading segment. Also, we assume no further plastic deformation happens 
during maximum hold, unloading and unload-hold segments. 
Fig.4-5 (a) - (c) shows the influences of the different loading rates on the total 
penetration depth during the loading process for PC, PMMA and PS. As we have 
indicated earlier, it is necessary to select the appropriate loading rate so that the 
viscoelastic deformation in the loading segment could be minimized. It is well known 
that for any materials under Berkovich indentation, the following equation describes 
the load and penetration depth relation:2, 6-7 
nChP =                                    (4-17) 
where C  and n  are constants related to the material properties. One special case is 
that the power, n , is equal to 2 if a material is elastic and elastic-plastic 
deformation.8-11 As shown in Fig.4-6, we noticed that as the loading rate increases, the 
power n in Eq.(4-17) increases and approaches to 2, indicating less viscoelastic effects 
as loading rate increases, and vice versa. Also, a slow loading rate results in a large 
penetration depth, suggesting additional viscoelastic deformation during slow loading. 
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The changes of the power n and the indentation depth with the loading rate show that 
viscoelastic deformation can be minimized when a fast loading rate is chosen. The 
beginning of the creep is set at the point where the applied force becomes steady 
during the holding segment. The load and unload force cannot be kept to a constant 
value immediately bringing several problems in accurate measurement of creep 
deformation. For example, the actual holding load might be higher than desired load 
(Fig.4-2), or an overshot load might occur before actually hold (Fig.4-6). Therefore the 
experimental conditions, i.e., loading rate, maximum load etc, must be selected 
carefully so that the error can be minimized. For the loading segment, it is desirable to 
have a fast loading rate. However, if the loading rate is too fast, there will be a big 
overshot on the pre-set indentation load. When it happens, the maximum indentation 
load cannot be kept perfectly constant, frequently causing decreasing slightly with the 
time (Fig.4-6). Therefore, one needs to optimize the loading condition so that the 
overshot should be small. At the same time, the viscoelastic deformation should be also 
minimized. In our experiments, it is found that loading time to be 2 seconds for a 5 mN 
maximum load is a proper choice to meet both requirements. 









Fig.4-5 Influence of loading rate on power relation of 
(a). PC; (b). PS; (c). PMMA 
(c)  
Fig.4-6 Change of force at peak hold segment during indentation test. 
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4.5 Influence of unloading process on creep 
For the unloading segment, viscoelastic deformation (or we call it as viscoelastic 
recovery) should also be minimized, for this purpose, a fast unloading rate should be 
used. The influence of unloading rate to the unloading curve is shown in Fig.4-7(a). It 
is clear that a slow unloading rate leads to a much more recovery during unloading in 
comparison with that of the fast unloading case. This is known as viscoelastic recovery. 
However, fast unloading will again lead to an “undershot” during the next 
unloading-hold segment. This problem is important for the unloading-hold segment, 
because the unloading-hold force should be kept as low as possible so that the 
viscoelastic deformation can be recovered completely in the time duration. The 
“undershot” often results in negative force and displacement recorded. To avoid its 
occurring, we chose two-steps unloading as shown in Fig.4-7(b). The first part of 
unloading is used to calculate elastic deformation eh , unloading stiffness S , and the 
(a)                                     (b) 
Fig.4-7 The selection of indentation procedures 
(a). Different unloading rates; (b). Two unloading rates in sequence. 
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plastic deformation ph . The second part of unloading is introduced to avoid the 
“undershot” at unloading-hold due to the fast unloading rate and to ensure a 
viscoelastic recovery at a much lower load. In this way, the first part of unloading 
curve may be analyzed using power law relation derived by Oliver and Pharr.7 
It should be noticed that Eq.(4-8) does not include the effects of plastic 
deformation during indentation process. However, the total indentation penetration 
depth at the end of creep (Indentation depth at the point C in Figs.3-3 and 4-7b) 
includes the plastic deformation during loading, especially for the case of sharp 
indentation. Therefore, for the sharp indentation case, the plastic deformation should 
be subtracted from the total deformation in order to fit the creep curve using Eq.(4-8). 
From the discussion above and the analysis of loading deformation showed in Fig.3-3, 
the plastic deformation is equal to epe hh −− . Because peh −  is obtained from 
experimental data, the plastic deformation can be found by solving the elastic 
deformation eh . 
As we have indicated earlier, if the recovery is purely elastic during unloading, 
then the indentation depth at points G in Fig.3-3 can be attained using Oliver and 
Pharr’s method. In such a case, the indentation depth at point G is the sum of the 
plastic, viscoelastic and viscous deformation, vveph −− . Since this point cannot be 
obtained experimentally, the Oliver and Pharr’s power-law equation3 is used to 
approximate the indentation depth at this point, 
m
DhhAP )( −=                             (4-18) 
where m and A are constants, hD is the indentation depth at point D. The first part of 
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the unloading curve (Fig.4-7(b)) is used to fit the power-law relation to obtain A and m 
with known value of hD at point D as shown in Figs.3-3 and 4-7(b). Then the elastic 











ε                       (4-20) 
For a Berkovich tip, the geometric constant7, ε, is equal to 0.75, so that we can get the 





75.0 −−= mDe hhmA
P
h                      (4-21) 
The plastic depth should therefore be equal to he-p-he, whereas the indentation depth at 
point G should be evvep hhh −=−− max . 
After undergoing a long enough unload-hold time at the 1% of maximum load to 
allow the recovery followed by the final unloading, the residual indentation depth, 
defined as fh , at point F in Fig.3-3 is reached. 
It should be mentioned that we perform the recovery test at the load which is less 
than 1% of the maximum load. Ideally, the viscoelastic recovery test should be 
performed at the zero loads (experiments showed that even small load leads to the 
creep of the polymer). However, this cannot be done during indentation creep 
experiment due to the machine setting. If the recovery is performed at zero loads, the 
recorded load and displacement data are often negative values. That is why the 
recovery test has to be carried at a certain load, and in our experiments, we set this load 
to be 1% of the maximum load. It is reasonable to assume that the viscoelastic 
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recovery is dominated during the recovery test. 
 
In this work, we concern the creep behavior of polymers at the maximum load 
condition. For the recovery creep behavior of polymers, it is closely related to the 
creep behavior at maximum load and has similar formation which can be described 
using the similar equation as showed in Eq.(4-8) except no viscous flow during this 
stage. The reason is that viscous flow occurs under load. We will study this in more 
detail in future. 
4.6 Curve fitting using EVEV Model 
It is necessary to determine the numbers of exponential items used in curve fitting 
(a)                                         (b) 
(c)                                         (d) 
Fig.4-8 Curve fitting using different exponential items for Eq.(4-8). 
(a). two; (b). three; (c). four; (d). five 
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of Eq.(4-8) in order to correlate the polymeric structures with the creep behavior 
during indentation. Tables.4-2 and 4-3 list the fitting parameters for the indentation 
creep experiments of PMMA using Berkovich and flat-ended punch respectively. The 
creep curve is fitted by using 2, 3, 4 and 5 exponential items respectively and shown in 
Fig.4-8 (a) – (d) (The parameters were summarized in Table.4-2). The fitting curve and 
experimental data in double logarithm on both deformation and time are shown in 
Fig.4-9. The error is remarkable when compared Com4, which has two exponential 
items used in the Eq.(4-8), with the experimental data, especially in the initial part of 
the creep curve. We also found that the equation with three exponential items, Com5, 
can fit the creep curve better than that with only two exponential items, Com4. In 
general, the more items are used in the equation, the less error between the experiment 
data and fitting curves will be. In theory, the creep behavior can be described using 
infinite numbers of spring and dashpot elements. 
Table.4-2 Fitting Parameters of PMMA for Creep Curve by Berkovich Tip 
No. of Exponential Components 
Parameters 
2 3 4 5 
 he (nm) 182.46 143.54 131.61 129.81 
h1 (nm) 108.98 83.99 58.77 35.11 Exp1 τ1 (s) 19.41 3.92 1.62 0.97 
h2 (nm) 77.70 72.38 61.49 44.02 Exp2 τ2 (s) 249.54 37.70 11.24 3.94 
h3 (nm) - 72.66 55.12 50.64 Exp3 τ3 (s) - 294.50 57.44 16.04 
h4 (nm) - - 67.51 49.15 Exp4 τ4 (s) - - 330.86 64.95 
h5 (nm) - - - 66.17 Exp5 τ5 (s) - - - 339.79 
 µ0 (s/nm) 17.20 18.09 18.44 18.51 
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Table.4-3 Fitting Parameters of PMMA for Creep Curve by Flat-Ended Punch Tip 
No. of Exponential Components 
Parameters 
2 3 4 
 he (nm) 565.40 562.53 562.53 
h1 (nm) 64.56 15.70 15.70 Exp1 τ1 (s) 43.04 10.98 10.98 
h2 (nm) 105.27 57.74 57.74 Exp2 τ2 (s) 366.97 59.13 59.13 
h3 (nm) - 102.15 73.62 Exp3 τ3 (s) - 399.84 399.93 
h4 (nm) - - 28.53 Exp4 τ4 (s) - - 399.66 
 µ0 (s.nm-1) 23.03 23.82 23.82 
With the increase of exponential items in the equation, the constant item, eh , 
tends to decrease. We found that the value of he is actually close to the value 
determined by Eq.(4-21) as shown in Fig.4-10. We also found that the differences 
between the three exponential items and more than three items are minor. In fact when 
we use the flat-ended punch tip, three exponential items have the same equation 
Fig.4-9 Creep deformation depth versus time using different exponential items 
In view of Eq.(4-8) 
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makeup as that of four exponential items, because the value of h3 in 3-exponential item 
is equal to the sum of h3+h4 in 4-exponential item as showed at Table. 4-3. Therefore, 
it is reasonable to use 3-exponential item for the case of the flat-ended punch 
indentation.  
 
For Berkovich tip, we found that the parameters in the Eq.(4-8) are varied when 
the exponential items change. However, we can use the percentage of each exponential 
item used in Eq.(4-8) to determine the necessary exponential items as illustrated in 
Fig.4-11 (a) – (d). There are distinctive differences between two and three exponential 
items. If we use Exp# to denote the sequence of the exponential items in the Eq.(4-8), 
we found that Exp1 dominated the first part of the creep curve, while the Exp2 and 
Exp3 controlled the rest of the curve. When the exponential items are increased to 4 or 
more, some of the exponential items actually can be merged into one, such as Exp3 and 
Fig.4-10 Comparison of total penetration depth and calculated depth for EVEV 
model. (No plastic deformation involved in the equation) 
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Exp4 into a new Exp′3 in four exponential equations or Exp2 and Exp3, Exp4 and Exp5 
into new Exp′2 and Exp′3 respectively in five exponential equations. 
Combining with the results in the flat-ended punch case, we concluded that the 







1 /)1()1()1( 321 µτττ tehehehhh ttte +−+−+−+= −−−      (4-22) 
The parameters used in this equation are shown in Table.4-1. Eq.(4-22) implies 
that indentation creep includes three mechanisms, i.e., the instantaneous elastic 
deformation during loading (the first term), the viscoelastic deformation (the second, 
third and forth items) and the viscous deformation (the last term) during creep. The 
model fits the creep curves of the different polymers better than those in the 
literature.12-17 
Table.4-4 Fitting Parameters of Various Polymers for Creep Curve by Berkovich Tip 
Materials Parameters 
PC PS PET Epoxy 
eh (nm) 185.28 166.08 165.65 225.11 
1h (nm) 50.26 59.42 61.84 42.91 
1τ  (s) 1.97 2.71 3.74 5.15 
2h  (nm) 36.03 48.04 54.41 31.96 
2τ  (s) 28.39 35.54 35.94 64.91 
3h (nm) 32.43 52.75 49.58 99.19 
3τ  (s) 273.43 319.70 294.97 770.38 
0µ (s.nm-1) 52.52 25.30 24.09 94.27 









Fig.4-11 The percentage of each exponential item occupied in the creep equation. 
(a). two-; (b). three-; (c) four-; (d) five-exponential items. 
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The retardation times, 1τ , 2τ  and 3τ , might reflect the different time responses 
of the polymer structures to the indentation load. The creep behavior of polymers 
under tensile tests indicates that the retardation time is related to α and β transitions, 
which are often overlapped under creep.17-20 If we adopt the same idea to the 
indentation tests, these parameters should be related to the material characteristics even 
though the stress and strain conditions are more complex in the case of 
nano-indentation. It is found 1τ  was much smaller than 2τ  and 3τ . We speculate 
that 1τ  might be associated with the movement of the main-chain and side groups, 
and 2τ  & 3τ  together related to the molecular characteristic of polymers. This 
obviously needs more studies in the future. Comparing the retardation times in Tables. 
4-2 and 4-4, we found that PC has the smallest retardation time in the thermoplastic 
polymers, while thermosetting epoxy has much longer retardation time especially for 
3τ . The molecular theory of viscoelastic properties for undiluted amorphous polymers 
for tensile tests explained some of influences on retardation times, such as molecular 
weight and its distribution, branching in the main backbone and cross-linked networks 
etc.21 However, due to the complicated stress-strain circumstance at the microscopic 
level under nanoindentation, the relationship between the structures of the 
macromolecules and these parameters has not been understood yet. Further 
investigation related to the molecular structure is needed to understand their 
relationships. On the other hand, the force along the chain direction might cause the 
relative movement of macromolecules. As a result, at the later stage of the creep 
process, the deformation of polymers is dominated by the viscous flow of 
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macromolecules. It is clear that the cross-linked epoxy has much larger viscosity 
coefficient than thermoplastics due to the limited flowing of molecules in cured epoxy. 
 
4.7 Application of Creep Equation 
Creep Compliance and Retardation Spectrum 
The significance of polymer creep equation is attributed to its association with 
other mechanical properties of materials. According to Kashchta and Schwarzl,22 the 
modulus of materials can be derived from the creep data by using creep compliance 
equation. The relation between stress and strain in the creep is described as,1, 22, 23 
)()( 0 tJt σε =                             (4-23) 
where, 0σ  is equal to )/( 00 AP  and J(t) is creep compliance. For tensile test, stress is 
kept constant during the creep and )(tJ  represents the relation between strain and 
time. For nanoindentation test using the flat-ended punch indenter, stress is considered 
as constant during the indentation and J(t) should measure the relation between 
displacement and time. 
( )
inh
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which can be written as, 
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where inee hPhAJ 00 /= , inii hPAhJ 00 /=  (i=1 to 3) and 0000 / AhP inµη = .  
Using Eq.(4-27) and parameters fitted by Eq.(4-22), we can determine the change of 
the creep compliance with time as shown in Fig.4-12. The shape of the creep 
compliance curves for all materials studied here is approximately the same, i.e., there 
is a constant compliance followed by an initial increases in the compliances with the 
time. The constant compliance implies the absence of any configuration 
rearrangements of the chain backbones and side groups.22 This constant compliance is 
called )0(J  or gJ  denoting the compliance when the polymer is in the glassy 
condition. Generally, gJ  is equal to 
11110 −− Pa  for tensile creep, in the same scale 
with the values obtained in indentation tests. The initial increase in compliances is 
referred to as softening dispersion.23 
Referred to the creep compliance phenomena tested by the conventional tensile 
Fig.4-12 Estimation of creep compliance by EVEV Model 
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tests, for amorphous polymer with high molecule weight and narrow molecular weight 
distribution, Ferry32 found that there were two stages present in the creep compliance 
curves. The first stage reflects the relative motion of chain segments between the 
entanglement coupling loci, and corresponds to the glass-rubber transition. At the end 
of this stage, creep compliance tends to level off at a value denoted by 0NJ , called 
plateau compliance. This level off is usually non-linear with respect to the applied 
stress and temperature. In addition, the creep compliance, for amorphous polymers 
with higher molecular weight and rigid main-chains (the chain backbone 
configurations are immobilized), possesses the similar configurations as those of PC: 
the creep compliance is still increasing slowly with time at the longest times of 
observation. It seems that the gJ  will be higher if the chain backbone tends to be 
more rigid. Ferry21 also pointed out that the change of creep compliance reflects the 
response of molecules to the external stresses by molecular configuration 
rearrangements. In the current indentation creep experiments, only the first stage 
described above was observed in the creep compliance curve. The reason that we did 
not observe the second stage in the compliance curve might be due to the short time 
scale of the indentation creep experiments. We also note that the difference between 
the localized microscopic indentation creep and the macroscopic tensile creep. How to 
correlate these two tests still remains challenging. 
The creep compliance can be further used to calculate the retardation spectrum. 
The retardation spectrum is given by24, 
ττ 222 )(ln/)(ln/)()( =−= ttdtJdtdtdJL                   (4-28) 
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It is necessary to determine the virtual length inh  in order to obtain the curve of 
retardation spectrum. The following section will describe the significance of inh  to 
acquire the modulus of materials and retardation spectrum.  
 The virtual length, inh , used in Eqs.(4-14) - (4-16), defines the indentation strain 
in our analysis. This parameter is further investigated here. We found that the initial 
penetration depth should be used to define the virtual length for polymer materials, i.e., 
pepein hhhh +== − . The initial penetration depth is the displacement where load 
becomes constant. We use this initial penetration depth for the virtual length to 
calculate the modulus of materials using Eq.(4-15). The results are shown in Table.4-5. 
In general, the calculated moduli are in agreement with those provided in the literature. 
This suggests that our analysis may be useful to derive the modulus of the viscoelastic 
materials using nanoindentation. In addition, there are a few advantages to derive the 
modulus of materials using this method than others.7,25,26 First, the holding time has no 
influence on the calculation of modulus, since the unloading stiffness 
max
)/( hhdhdP =  is not used in the modulus calculation. Second we can easily acquire 
inh  from indentation tests. The virtual length selected here is reasonable to derive the 
modulus and further used in Eqs.(4-25) - (29). They are used to solve the creep 
compliance and retardation spectrum, as Fig.4-13 (a) - (b) and Fig.4-14. To a first order 
approximation, the retardation time is equal to the experimental time.  
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Table.4-5 The modulus derived from EVEV model 
Parameters Modulus (GPa) 
Materials 
hin (nm) P0 (mN) he (nm) hp (nm) 
From 
Eq.(4-15) Data Sheet * 
996 6.00 166 830 2.13 
996 6.15 129 867 2.57 
972 6.10 170 801 2.21 
972 5.90 142 830 2.46 
957 6.06 144 813 2.43 
PMMA 
Average 2.36 2.4-3.3 
1306 6.43 168 1138 1.57 
1289 6.30 206 1082 1.37 
1296 6.53 175 1122 1.57 
1319 6.52 174 1145 1.54 
1247 6.06 170 1077 1.57 
PC 
Average 1.52 2.3-2.4 
1062 6.10 139 923 2.23 
1041 6.04 134 907 2.33 
1039 5.96 138 901 2.26 
1025 5.95 152 873 2.15 
1128 6.92 155 973 2.17 
PS 
Average 2.23 2.3-4.1 
1302 6.40 150 1152 1.71 
1250 5.99 165 1084 1.58 
1249 5.96 141 1108 1.76 
1360 6.93 166 1194 1.63 
PET 
Average 1.67 2.0-4.0 
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We noticed that there are three peaks in the retardation spectrum if the number of 
the exponential items is three (Fig.4-13). However, if we continually increase the 
number of the exponential items, the peaks become gradually flatten. In 
theory,21,22,24,27,28 there are two peaks in amorphous polymers with high molecular 
(a) 
(b) 
Fig.4-13 Retardation spectrum derived from EVEV Model. 
(a). Comparison between two and three exponential items for the whole time range; 
(b). Enlarge retardation spectrums with 2,3,4 and 5-exponential items. 
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weight by tensile tests with regards to un-diluted polymers. These maxima represent a 
concentration of retardation processes, measured by their contributions to compliance 
rather than modulus. In our work, three exponential items are applied to fit the creep 
curves, leading to three peaks in retardation spectrum as shown in Fig.4-14. Obviously, 
further works are needed to understand how this phenomenon is associated with 
materials characteristics. It is believed that the investigation to the relation between 
molecular structures and retardation times should facilitate understanding these points. 
The creep compliance and retardation spectrum are useful to derive other 
mechanical properties such as storage modulus and loss modulus.27, 28 These will be 




Fig.4-14 The retardation spectrums for several polymers. 
(PMMA, PS, PET, PC and Epoxy (DER332)) 
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4.8 Comparison of Creep Behavior by Tensile and Nanoindentation Tests 
We tested the creep of PMMA using tensile method. The tensile test was carried 
out on Instron machine, whose maximum load is 1kN. Some of test conditions are 
listed at Table.4-6 and the results are shown in Fig.4-15 and Fig.4-16 (a)&(b). 
Table.4-6 The conditions for tensile creep tests 
Tensile Test Indentation Test 
Sample size Tensile 
F (N) A (m2) σ (N.m-2) W (mm) T (mm) F (N) σ
-1 (N.m-2)-1 
0.005 7.88E-10 6.35E+06 19 2 241.27 1.58E-07 
0.005 7.88E-10 6.35E+06 13 2 165.08 1.58E-07 
0.005 7.88E-10 6.35E+06 17 2 215.87 1.58E-07 
We found that the creep behavior of PMMA by tensile test is similar to the indentation 
test. Creep increases rapidly at the beginning of the test and then become slow. The 
creep curve can be well fitted using EVEV model as Table.4-7. However, it is 
necessary to select appropriate test condition so that the creep scale on both tests is 
comparable. The future experiment will address that issue. 
Fig.4-15 Creep curve of PMMA under tensile and nanoindentation tests. 
(a). Tensile test; (b). Nanoindentation test, using flat-ended punch tip 
(a)                                        (b) 
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Table.4-7 Comparison of fitting parameters for tensile and indentation creep tests 
Parameters PMMA by Tensile PMMA by Indentation 
he (nm) 0 562.53 
h1 (nm) 9.52 15.70 
τ1 (s) 9.76 10.98 
h2 (nm) 7.13 57.74 
τ2 (s) 52.59 59.13 
h3 (nm) 13.14 102.15 
τ3 (s) 344.97 399.84 
µ0 (s.nm-1) 291.95 23.82 
 
4.9 Summary 
In this work, a methodology is proposed to investigate the localized, microscopic 
creep behavior of polymers using nanoindentation technique. For this purpose, the 
following procedure of performing indentation creep test may be used: (i) loading to 
the maximum load of 5 mN in a rapid speed, generally 2.5 mN/s with 2 seconds; (ii) 
holding at this load for 2000s up to 10000s; (iii) unloading to about 2/3 of the 
maximum load with the same rate as the loading, followed by a slow unloading rate, 
generally 0.02 to 0.005 times of loading rate, to a pre-set load which is about one 
percent of the maximum load or less, and (iv) the load is held at this pre-set force with 
time duration longer than that in the maximum load. 
We propose a semi-empirical model to characterize the indentation creep 
properties of polymers. The indentation creep behavior of the polymeric materials can 
be well described using EVEV model for both flat-ended punch and Berkovich 
indenters. By controlling the loading and unloading rates, the elastic and plastic 
deformation can be obtained from loading and unloading segments. The deformation 
during maximum hold can be described using elastic-viscoelastic-viscous equation. 
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The analysis method derived in this study shows a good agreement with the 
experimental observations. The parameters derived in the indentation creep equation 
are further employed to derive the modulus of polymers, which is consistent with 
literature value. The advantage of the present method is that the elastic modulus is 
independent of holding time as long as the steady stage creep can be reached.  
Indentation creep equation is used to derive the creep compliance and retardation 
spectrum. This information can be further applied to determine other mechanical 
properties such as the loss modulus and storage modulus of polymers. The method is 
useful to understand the mechanical properties of polymers with viscoelastic properties 
and also provides a new analysis scheme on using indentation creep experiments. 
The creep curve of the tensile creep test is similar to that of the indentation creep. 
It is believed that the parameters in the creep equation can be correlated by tensile and 
indentation tests. However, this issue is worthy of careful investigation. 
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 Chapter 5 Material Structure and Creep Behavior 
 
5.1 Introduction 
In the preceding chapter, we discussed the creep behavior of polymers under 
indentation tests. The creep behavior of both thermoplastic and thermosetting polymers 
can be expressed as the exponential relation given by Eq.(4-17). This creep equation is 
very useful for deriving both the modulus and the properties of creep characteristics of 
polymers. It correlates material structures with the parameters in the equation. In this 
chapter, we intensively investigate the influences of the different molecular structures 
of PMMA and epoxy on creep behavior. PMMA is focused on the molecular weight 
and epoxy on crosslinking density. Besides using same epoxy with different molecular 
weights, the different epoxy resins and curing agents are applied to change the 
crosslinking density. The experiments are useful to establish the relationship between 
molecular structure and creep properties. 
 
5.2 Influence of Molecular Weight on Creep Behavior of PMMA 
In this work, four types of PMMAs with different molecular weights are used to 
measure the creep deformation. Their basic properties are shown in Table.3-2. The 
PMMA thin sheets were introduced in Section 3.2.2. The indentation procedure was 
discussed on Section 3.3.2 and Chapter 4, which emphasized adopting two different 
unloading rates in tests. After calculating instantaneous elastic deformation eh  and 
plastic deformation ph  (refer to Chapter 4), the modulus is obtained by using 
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Eq.(4-15). The results were shown in Table.5-1. 
Table.5-1 Elastic, plastic and viscoelastic deformation during indentation (PMMA) 
Mw hp(nm) he(nm) P0(mN) hin(nm) E(GPa) hcreep(nm) 
15000 837.32  102.68 6.03  940.00  3.21  381.50  
120000 915.56  106.24  6.13  1021.80 2.81  366.60  
350000 889.48  121.72  6.43  1011.20 2.82  408.20  
996000 930.47  113.13  6.09  1043.60 2.83  378.20  
 
Fig.5-1 Indentation creep for four types of molecular weights of PMMA 
Fig.5-2 The creep rate comparison of PMMA wM at the beginning of the creep 
Chapter 5 Material Structure and Creep Behavior 
82 
In Table.5-1, 0P  is the peak hold load, inh  is the virtual length for strain 
definition and creeph  is the creep deformation. The results show that molecular weight 
has practically little effect on the elastic modulus of the material whose glass transition 
temperatures are much higher than room temperature when the molecular weight is 
higher than certain critical value. In our studies, the PMMA thin sheet is in the glassy 
state at room temperature, therefore the chain movement is constrained1. It leads to a 
minor influence of the elastic modulus on different molecular weights2. The effect is 
same if the tested frequency is much higher so that the responses of chains far lay 
behind the frequency, the material acts as in the glassy state. As shown in Table.5-1, 
the elastic modulus is approximate 2.80 GPa , and there is no obvious variation of the 
elastic modulus with increase of the molecular weight if temperature is below the glass 
transition temperature. However, there is a decrease of elastic modulus where 
molecular weight is in the range of 15,000 and 120,000.  
The creep curves for four wM  PMMAs are shown in Fig.5-1. The fitting 
parameters are given in Table.5-2. In Fig. 5-1, we find that the creep becomes 
significant with decrease of molecular weight. According to the literature3-5, molecular 
weight affects creep and relaxation as a result of the molecular motion of the very short 
segments of the molecules in the glassy state. Motion of large segments of the polymer 
chains is frozen-in, and the restricted motion of small segments can take place without 
affecting the remainder of the molecules. Previous research showed that one 
characteristic of the very low wM , 15,000, is that this type of polymer tends to craze 
and break6. The rate of stress relaxation is much faster for low-molecular-weight 
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polymer than for high-molecular-weight. Therefore, the low wM  PMMA creeps 
faster than the high wM  PMMA, as shown in Fig.5-1. This may be attributed to fewer 
than normal number of chains carrying the load in crazed material. In addition, craze 
cracks act as stress concentrators which increase the load on some chains even more. 
The overstressed chains tend to either break or slip so as to relieve the stress on them. 
Thus, in the glassy state, crazing is a major factor in creep for lower molecular weight 
polymer7, 8. However, from the application point-of-view, this kind of PMMA has no 
actual usage due to the lower mechanical properties.  
Table.5-2 Fitting parameters for four wM  of PMMAs 
wM  Parameters 
15000 120000 350000 996000 
eh (nm) 140.19 132.31 147.64 136.07 
1h (nm) 98.73 119.03 112.79 107.00 
1τ (s) 7.22 5.76 5.17 2.93 
2h (nm) 90.64 98.48 90.93 99.27 
2τ (s) 64.94 63.93 57.76 36.64 
3h (nm) 148.64 121.83 101.45 102.61 
3τ (s) 615.03 451.14 447.65 320.58 
0µ (s.nm-1) 16.72 39.26 43.11 72.00 
 
Another characteristic of the creep curves was the variation of creep rates with 
time. As shown in Fig.5.2, the creep rate of the high molecular weight is faster than 
that of the low molecular weight at the beginning of creep. As time progresses, the 
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creep rate of the high molecular weight becomes slower than that of the low molecular 
weight. 
The creep is more sensitive for PMMA with higher molecular weight at the 
beginning of the creep tests, which is shown in the change of the creep rate and the 
retardation time, iτ  ( 31−=i ). The retardation time, shown in Table.5-2, actually 
indicates the structural response towards applied stress, which reflects the influence of 
molecular weight or backbone length on creep behavior of materials. From the 
following equation derived in the preceding chapters, the retardation time is 










K 0=      3,2,1=i                              (5-2) 
Substituting Eq.(5-1) into Eq.(5-2), gives the following, 
iii K/ϕτ =    3,2,1=i                             (5-3) 
where iK  is a constant related to the elastic modulus of spring, and iϕ  is a constant 
related to the viscous coefficient of dash pot. From Eq.(5-1), the retardation time can 
be estimated if iϕ  is known. Since the elastic modulus remains constant, according to 
Eq.(5-3), retardation time can be solved by giving viscous constant. From the results of 
creep penetration deformation, the lower molecular weight in long time makes the 
viscous flow easy, eventually the retardation time increases with the decrease of the 
molecular weight as shown in Fig.5-3. 
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The investigation9 of the role of molecular weights on the viscoelastic properties 
of a glassy thermoplastic polyimide found that there was a difference in creep rates 
when comparing low- and high- molecular weight material at different temperatures. 
Their finding is similar with the PMMA creep in indentation tests, in which there is 
slightly lower creep compliance for the lower molecular weight material than the 
higher molecular weight, while after some creep time the creep compliance of the 
former is higher than that of the latter. 
In addition, the relation of creep deformation can be transformed into creep 

























htehtehtL  (5-5) 
where 0A  is the contact area using a method depicted in Chapter 4, 0P  is the peak 
(a) (b) 
Fig.5-3 The molecular weight influence on retardation time 
(a). for 1τ  and 2τ ; (b). for 3τ  
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hold load, and inh  is the indentation virtual length at the beginning of the creep (refer 
to Fig.3-6), point B. The parameter α  can be calculated from the experimental data, 
which is listed in Table.5-3. 
 
Table.5-3 α  values for various molecular weights (PMMA) 






Applying Eqs.(5-4) and (5-5), and parameter α, the creep compliances for four 
molecular weights of PMMA are derived as illustrated in Figs. 5-4 and 5-5. The 
increasing creep compliance and creep rate may be attributed to the effects of 
molecular weight on the unit cell free volume. Cell free volume is defined as the space 
without being occupied by molecules. Singh and Eftekhari10 pointed out that a 
decrease in molecular weight increased the cell free volume in the material. The 
greater the cell free volume, the more the area left for creep. The creep deformation of 
the high molecular weight PMMA is therefore less than that of low molecular weight 
PMMA. In the glassy state, the local structure is an unstable one, becoming dense with 
extended creep time, so interaction increases and the rate of motion is reduced with 
creep time. It takes longer time for the higher molecular weight PMMA to reach same 
degree of viscous flow as shown in Fig.5-5. 
Figs.5-6 (a)-(c) shows that the peak position of the retardation spectrum is 
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determined by retardation time. Also, the value of the retardation spectrum on y-axis is 
proportionally related to the creep compliance. The lower the molecular weight, the 
higher the value of the retardation spectrum. This trend is related to the molecular 
structure and the free volume discussed in the preceding passages. 
Another reason that creep becomes more obvious with creep time is that the 
viscous flow dominates the creep behavior in the later stages, as shown in Fig.5-5. For 
the low molecular weight polymer, the viscous flow is much easier than for the high 
molecular weight polymer. This may be caused by the weaker interaction among 
chains, e.g., chain entanglement, for the low molecular weight PMMA.  
Fig.5-4 Creep compliance of PMMA for different molecular weight 
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 In summary, the indentation creep test is useful for characterizing the influence of 
the mechanical properties by the different molecular structures. In general, with the 
molecular weight in the range of 15,000 and 120,000, the elastic modulus decreases 
with the increase of the molecular weight; however, the influence of the molecular 
weight on the elastic modulus is minor when a polymer is in the glassy state after 
certain critical molecular weight. In the meantime, there are distinguishing 
characteristics for the creep trend in relation to the changing the molecular weight of 
PMMAs. For the lower molecular weight PMMA, the creep rate is slow at the 
beginning of the creep, becoming rapid at the latter stage of the creep (vice versa for 
the higher molecular weight PMMA). The retardation time decreases when molecular 
weight is increased. In addition, the peak position of the retardation spectrum is 
determined by retardation time, and the low molecular weight PMMA has higher 
values of retardation spectrum at its peak. 
Fig.5-5 The influence of molecular weight on viscous flow of polymers 






Fig.5-6 Retardation spectrum of PMMAs 
(a). 0-2000s; (b). 0-100s; (c). 0-10s of the retardation spectrum. 
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5.3 Epoxy Molecular Structure Influence on Creep Behavior 
5.3.1 Crosslinking Density 
Table.5-4 shows how the epoxy resin DER332 is cured by diamine agent LC100 at 
varying weight ratios. Although the quantity of the epoxide functional groups is the 
same among all five samples, the curing degree of reacted epoxy varies, ascending 
from less curing to higher curing agent quantity. On the other hand, the curing degree 
can be reflected by calculating the crosslinking density. According to Neilson and 
Landel2, the molecular weight cM  of highly crosslinked epoxy between crosslinks 
can be estimated by the following equation, 
c
e M
G ρ2930.6log +=                               (5-6) 
where eG  is the shear equilibrium storage modulus in Pa , and ρ  is the density of 
the polymer, which is approximately equal to 1.16 for DER332. The dynamic flexural 
modulus, *E , is assumed to be related to the dynamic shear storage modulus, eG , as 
in the equation, 
)1(2* vGE e +=                                    (5-7) 
where v  is the Poisson’s ratio assumed to be 0.5, which is typical value for rubber, 
the dynamic flexural modulus is determined by DMA experiments. Once *E  is 













ρ                            (5-8) 
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−= EM c                               (5-9) 
Table.5-4 Crosslinking density of DER332 by varying quantity of curing agent 
No. DER332:LC100 )(* MPaE  cM  
S01 3.8:0.4 3.49 5422 
S02 3.8:0.6 6.76 972 
S03 3.8:0.8 23.23 384 
S04 3.8:1.0 39.52 304 
S05 3.8:1.2 86.22 234 
 
By taking advantage of Eq.(5-9), the crosslinking density of epoxy DER332 is 
calculated and given in Table.5-4. It can be estimated that the curing degree should be 
higher if more curing agent is added until the epoxy is completely cured. In this study, 
the crosslinking density is realized by using different curing degrees (LC100) while 
Fig.5-7 The influence of crosslinking density on E of DER332  
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keeping constant the usage of epoxy (DER332). Fig.5-7 shows the change of elastic 
modulus when adding different curing agents. The result showed that the elastic 
modulus of the DER332 system decreases with increases of the crosslinking density. 
As the crosslinking density increases, the elastic modulus levels off. There are some 
literatures to explain the phenomena. Harismendy et al.11 and other researchers12-15 
investigated the influence of crosslinking density on mechanical properties of epoxy 
and other systems. Their investigation showed that mechanical properties of lower 
crosslinking density of epoxy were higher than those of higher crosslinking epoxy. It is 
probably due to the higher free volume in the highly crosslinking epoxy system, which 
further results in the ω -relaxation in the crosslinked networks. ω -relaxation11 is 
related to the motion of the same groups which are responsible for the β -relaxation. 
The higher free volume in the cured epoxy system decreases the elastic modulus of 
materials, in agreement with the results shown in Fig. 5-7. 
The creep behavior of epoxy with various crosslinking densities is depicted from 
Fig.5-8 The creep deformation of DER332-LC100 in weight ratio  
Their ratio is equal to 3.8:0.4. (No.1 Sample listed in Table.5-4) 
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Fig.5-8 to Fig.5-11. The fitting parameters are listed in Table.5-5. It shows that 
crosslinking density greatly affects the creeping rate of epoxies, especially for the 
lower crosslinked epoxy (DER332:LC100=3.8:0.4). When crosslinking density 
increases, the deformation or creep diminishes, dramatically decreasing when the 
curing agent increases from 0.4 to 0.6 (weight ratio with DER332). The creep behavior 
of the crosslinked epoxy can be explained by its molecular structures. 
Many works11,15-24 suggested that the high crosslinking density could lead to low 
macro-density, low stiffness and highly penetrated absorption. Gupta and 
Brahatheeswaran19 verified that the epoxy monomer mixture underwent the least 
contraction during the curing process in the case of the samples with the highest 
crosslinking density. This phenomenon is attributed to the constraints imposed on 
Fig.5-9 The creep deformation of DER332-LC100 in weight ratio  
Varying from 3.8:0.6 to 3.8:1.2  
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molecular packing by the crosslinks. The molecular packing is closely related to the 
free volume, which is left in the post-cured epoxy system affecting the deformation 
under indentation load. The free volume is described using the van der Waals 
volumes25, which characterize the molecular packing of the crosslinked network. The 
free volumes include holes and inter-segmental separation26. Above gT , the holes 
dominate the free volumes while below gT  the inter-segmental separation becomes 
significant. For the DER332:LC100 system, the different crosslinking densities 
determine the size of the free volume. The following section will discuss the formation 
of the free volume for the epoxy curing processes.  
 
Table.5-5 Fitting parameters of various crosslinking density of epoxy 
DER332:LC100 (weight ratio) Parameters 
3.8:0.4 3.8:0.6 3.8:0.8 3.8:1.0 3.8:1.2 
eh (nm) 194.91 148.77 152.88 177.87 182.10 
1h (nm) 427.02 51.52 55.00 49.92 50.08 
1τ (s) 16.27 4.65 3.09 2.21 2.55 
2h (nm) 579.15 42.19 39.98 36.31 34.04 
2τ (s) 130.59 54.95 44.20 30.12 22.26 
3h (nm) 1314.36 45.98 72.54 33.47 49.29 
3τ (s) 1010.71 327.93 578.15 271.43 260.05 
0µ (s.nm-1) 3.00 13.15 26.29 143.78 241.38 
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When epoxy is cured at high temperature and then kept at a higher temperature for 
the post-cure process, the α -transition in the crosslinking networks27 is believed to 
involve the rotation of the segments between crosslinks. The moving segment is 
relatively smaller in the most highly crosslinked samples than in samples with lower 
crosslinking density, descending from S01 to S05. On the other hand, the number of 
segments iSN 0  between crosslinks will be much more in highly crosslinked samples 























































(a)                                     (c) 
(b)                                     (d) 
Fig.5-10 Retardation spectrum of DER332:LC100 epoxy system. 
(a) and (b) for spectrum on 0-2000s; (c) and (d) for spectrum on 0-200s 
S01, S02, S03, S04 and S05 are referred to Table.5-5. 
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than in lightly crosslinked one, i.e., 0504030201 SSSSS NNNNN <<<< . Therefore it is 
expected that there are a large number of small holes in highly crosslinked epoxy (S05), 
while there are a smaller number of holes in lightly crosslinked epoxy (S01). After 
finishing the post-cure process, the samples are cooled to room temperature in air. 
During the cooling process, there are several changes occurring, leading to the varying 
free volumes existing in the crosslinked epoxy systems. It is believed that the highly 
crosslinked epoxy (towards S05) has a higher free volume than the lightly crosslinked 
one (towards S01) due to the following reasons19. First, as samples are cooled to the 
temperatures lower than gT , the closing of the holes for the highly crosslinked sample 
is at a slower rate compared to that for the lightly crosslinked sample, because of the 
reduced microbrownian motion28. Second, in highly crosslinked samples with higher 
gT , the microbrownian motion is quenched at a relatively higher temperature. 
Consequently more free volume is trapped in the highly crosslinked samples. The 
creep deformation, as shown in Figs.5-9 and 5-10, is faster in highly crosslinked epoxy 
than lightly crosslinked epoxy. The free volume provides more space so that the 
deformation can occur rapidly to higher extent. 
However, when creep time lengthens, the highly crosslinked epoxy has much 
smaller creep deformation than the lightly crosslinked one. It may be explained from 
other mechanisms for the deformation. It is believed that the contraction of crosslinked 
samples has an opposing trend due to the absence of large scale segmental motion29. In 
the glassy state, the thermal motion is restricted to the relaxation mechanisms available 
at β , and even γ  relaxations, namely, the motion of the smaller hydroxyl ether 
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groups or to the crosslinks themselves, which are movable due to the relatively higher 
free volume possessed by highly crosslinked networks. Consequently, the contraction 
rate for the highly crosslinked samples is slightly faster than that for the low 
crosslinked density samples. It is shown in Figs.5-8 & 9 that when the weight ratio of 
the DER332 and the LC100 increases from 3.8:1.0 to 3.8:1.2, the deformation of the 
former is less than that of the latter because there are slightly higher degrees of 
contraction for the highly crosslinked epoxy. The former explanations can be verified 
after the relationship between the crosslinking density and free volume is clearly 
understood. 
The retardation spectrum is determined by the parameters in Eq.(5-6). The trend in 
the retardation spectrum therefore can be determined by the retardation time and creep 
fitting parameters ih , which are shown in Figs.5-11 and 5-12. The retardation time 
Fig.5-11 The comparison of fitting parameters ih  
with change of usage of curing agent 
h i d
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and ih  is thus useful for explaining the retardation spectrum. 
 From Fig.5-12, we found that )3,2,1( =ihi  decreases with increasing 
crosslinking density and become nearly constant after the usage of curing agent 
exceeds 0.6 (weight ratio). The result demonstrates that this fitting parameter ih  has 
little influence on creep behaviors of epoxy materials after the weight ratio between 
DER332 and LC100 exceeds specific values. Further increasing the weight ratio, there 
are almost no obvious changes in this value. 
Compared to the fitting parameters ih , the retardation time has an obvious 
contrary trend (Fig.5-12), i.e., the retardation time decreases with increasing the 
crosslinking density. For highly crosslinked samples, the crosslinking density is higher 
leading to the shorter length of chains between crosslinks. It thus produces much 
higher hindrance for chain motion at room temperature. However, the difference 
among higher crosslinked samples, e.g., S04 and S05, is minor due to the much greater 
free volumes existing in the highly crosslinked epoxy system, as we discussed before. 
On the other hand, for all molecular weight epoxy samples, the retardation time has 
similar regulation, which is written as follows, 
321 τττ <<                                       (5-9) 
However, the retardation spectrum does not involve the coefficient related to the 
viscosity 0µ . It is necessary to briefly address this factor with different molecular 
weights influence on creep behavior as shown in Figs.5-8 and 5-13. The results show 
that crosslinking density greatly affects viscous flow properties. It seems that there is a 
critical crosslinking density which significantly changes the creep behavior of 
Chapter 5 Material Structure and Creep Behavior 
99 
crosslinking epoxy. Before the critical value, the viscous flow is much faster when the 
weight ratio of DER332 and LC100 is less than 3.8:0.8, while above that value the 
viscous flow becomes much slower and tends to stop (i.e., the viscous flow coefficient 
incline to infinite). 
(a) 
(b) 
Fig.5-12 The retardation time changing trend with increasing crosslink density.
(a). 21 ,ττ  and (b). 3τ  
τ1 
τ2 
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5.3.2 Epoxy Resin and Curing Agent 
For comparison, other molecular structures of epoxies were studied for their creep 
behavior. The sample compositions are listed in Table.3-4. The results are shown in 
Figs.5-14, 15 & 16 and Tables.5-6 & 7. 
Fig.5-13 Change trend of coefficient of viscous flow with increasing crosslinking density 
































Fig.5-14 Creep behavior of DER332 epoxy with different curing agents 
(a). Creep depth penetration; (b). Creep compliance. 
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Table.5-6 Elastic modulus and viscosity coefficient 
(Two epoxy systems calculated by EVEV model) 
 
Sample No. Resin Curing Agent )(GPaE  ).(0 sPaη 410×  
S04 DER332 LC100 1.80 3.90 
S06 DER332 J400 2.53 6.22 
S07 DER332 DDS 1.97 9.14 
S08 DER354 LC100 2.48 0.63 
 
Table.5-7 Fitting parameters for two epoxy systems 
 
Sample No. Parameters 
S04 S06 S07 S08 
eh (nm) 177.87 124.32 156.20 134.64 
1h (nm) 49.92 151.41 51.14 55.64 
1τ (s) 2.21 2.98 2.81 2.64 
2h (nm) 36.31 115.28 42.05 43.01 
2τ (s) 30.12 31.04 29.68 35.55 
3h (nm) 33.47 136.42 43.16 43.87 
3τ (s) 271.43 260.12 228.54 374.68 































(a)                                     (b) 
Fig.5-15 Creep behavior of epoxy cured using LC100 with different epoxy resins 
(DER332 and DER354)  
(a). Creep depth penetration; (b). Creep compliance. 
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Table.5-6 shows how different curing agents with the same epoxy resin affect the 
elastic modulus of cured epoxy materials. The J400 has the highest elastic modulus 
compared with other two epoxy materials, followed by DDS and LC100 respectively. 
At the meantime, for different epoxy cured with same curing agent, the elastic modulus 
of epoxy DER354 is larger than that of DER332. 
The creep results for epoxy systems are classified into two categories, one of 
which is same epoxy resin cured with different curing agents, the other of which is 
different epoxy resins cured with the same curing agent. 
1 ) Same epoxy resin: Fig.5-14 (a) & (b) and Fig.5-16 (a) - (c) show the results of 
creep penetration depth, creep compliance and retardation spectrum for the same 
epoxy resins. The results indicate that the difference of epoxies cured with LC100 and 
DDS is minor, but the epoxy cured with J400 has much higher creep penetration depth, 
as well as creep compliance. Those differences can be found in Table.5-7; although the 
three types of cured systems have approximately a same retardation time, iτ , the 
fitting parameters ih  are quite different, )04()06( ShSh ii >  and )07()06( ShSh ii > . 
Referring to the structures of the curing agents, the chain length of J400 between two 
amines is longer than that of others. In addition, the chain of the former is more 
flexible than the latter, which has benzenes in the backbone, leading to the difficulty of 
chain and side group movement. It is quite important to find that creep compliance of 
the three epoxy cured systems has the similar configuration, in which at the later creep 
stages the curves are nearly parallel, indicating the cured epoxies have approximately 
equal viscous flow capability. Because the peaks of the epoxy systems are located 
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almost at the same point, as shown in Fig.5-16 (a)-(c), the conclusion can be made that 
peak position should be mainly controlled by the retardation times, while the value of 
retardation spectrum at the y-axis should be mainly controlled by fitting parameters 
ih . 
2 ) Different epoxy resins: Table.5-7 shows that the retardation time of DER332 
is smaller than that of DER354, )08()04( SS ii ττ < , i from 1 to 3. By reviewing the 
retardation spectrum in Fig.5-17 (a)-(c), it is obvious that the creep of DER332 is 
faster than that of DER354. The significant difference between DER332 and DER354 
is that the creep speed of the former after some time is much slower than that of the 
latter. This is so because, as shown in Table.5-6, 0η  of DER332 is much higher than 
that of DER354, resulting in the much slower viscous flow during that stage. 
The above phenomena are intrinsically related to the molecular structures of 
curing agent and epoxy. For the three curing agents, based on their molecular structure 
described in Fig.3-3, the crosslinking density could be sorted in descending order as 
LC100, DDS and J400, according to the chain length between two functional groups 
and chain flexibility or rigidity. The crosslinking density of DER332 is higher than that 
of DER354. The influence of the different curing agents, together different epoxies, is 
attributed to the crosslinking density. That issue has been discussed in Section 5.3.1. It 
is suggested that the investigation should focus on the crosslinking density and free 
volume in order to completely understand the relationship between the crosslinking 
density and the creep behavior or the elastic modulus. 
 





Fig.5-16 Retardation spectrum for DER332 
  (a) The whole time-scale: 0-2000s; (b) The first 100 seconds; (c) The first 10s. 
(b) 




Fig.5-17 Retardation spectrum for LC100 
  (a) The whole time-scale: 0-2000s; (b) The first 100 seconds; (c) The first 10s. 
 (b)
(a) 
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In summary, the retardation time may dominate the creep rate and the position of 
the peaks in the retardation spectrum. The fitting parameter ih  greatly influences the 
y-axis value of creep compliance, as well as the retardation spectrum. 
 
5.4 Summary 
By studying the PMMA and epoxy under different molecular structures, we 
summarize the conclusion as follows: 
1 ) For PMMAs, the molecular weight has little influence on the elastic modulus 
after certain critical value, while the creep behavior is greatly dependent on the 
molecular weights. In the higher molecular weight, e.g., the longer chain length, the 
creep deformation is larger than that with lower molecular weight. The retardation time 
decreases with increase of the molecular weight, and it determines the peak position of 
the retardation spectrum. Moreover, the viscous flow is more pronounced for the lower 
molecular weight PMMAs due to the easier movement of the lower molecules than 
that of the higher molecules. 
2 ) For epoxy, the crosslinking density greatly influences the elastic modulus of 
samples, in which the elastic modulus increases dramatically with increasing 
crosslinking density. Also the free volume in the samples formed during curing, 
post-cure and cooling processes determine the trend of creep behavior of epoxy in 
indentation tests. The crosslinking density has great influence on fitting parameter ih  
when the crosslinking density is extremely low, but has little influence on those 
parameters when it exceeds some critical values. On the other hand, retardation time 
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and viscous flow coefficients are greatly changed when crosslinking density increases, 
the former decreases while the latter increases. 
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 Chapter 6 Application of EVEV Model to Films 
 
6.1 Introduction 
As we have pointed earlier in this thesis, one of the most important applications 
for the nanoindentation technique is to characterize the mechanical properties of the 
thin film. Because it is difficult to test mechanical properties of the thin film using the 
conventional mechanical testing, such as tensile or bending testing, it is necessary to 
use appropriate methods to analyze the mechanical properties of the thin film by the 
nanoindentation technique. Besides the problem discussed in Chapter 4 that the 
mechanical properties are time- and rate- dependent, polymeric film properties are 
affected by the properties of the substrate, i.e., substrate effect. In this chapter, we will 
try to apply the EVEV model to characterize the mechanical properties of the film of 
polymers. This model is used to calculate the elastic modulus and characterize the 
creep behavior of the film. The results are compared to those calculated by using 
Oliver and Pharr’s model. 
 
6.2 Coating Process and Thickness Requirement 
We used spin coater to grow the films of PMMA, which has the different 
molecular weight as shown in Table.3-2. The preparation procedures were prepared as 
described in Section.3.2.3. The thickness of films was measured with a surface 
step-profiler in a cleaning room. If the film is not thick enough, e.g., less than 2 mµ , 
the dried film is coated with another layer until it reaches 3 mµ  or even more. The 
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requirement of thickness is due to the normal indentation depth near 300 nm (in order 
to control the ratio between the indentation depth and the film thickness less than 10%). 
On the other hand, in order to compare the different substrate influence on film 
properties, same PMMA was grown on glass and silicon substrates. Two molecular 
weights of PMMAs were applied in this study. 
 
6.3 Elastic Modulus of Films 
Tables.6-1, 6-2, 6-3, 6-4 and 6-5 show the results of two molecular weights of 
PMMAs coated on two types of substrates, i.e., glass and silicon. The elastic modulus 
is calculated by the following steps.  
Table.6-1 Elastic Modulus of PMMA Film (3 µm) on Glass ( wM =120,000) 
Indent No ph  eh  0P  inh  )(GPaE  creeph  
1 151.87 9.13 0.26 161.00 7.85 73.00 
2 154.54 8.46 0.26 163.00 8.29 114.00 
3 142.38 11.62 0.26 154.00 6.75 92.00 
4 142.56 10.44 0.26 153.00 7.42 52.00 
5 141.73 10.27 0.24 152.00 6.96 74.00 
6 136.83 10.17 0.24 147.00 7.32 116.00 
7 142.85 9.15 0.24 152.00 7.73 134.00 
Average 144.68 9.89 0.25 154.57 7.47 93.57 
Elastic Deformation 
A  m  Dh  0P  maxP  peh +  eh  ph  
0.02 1.01 222.00 0.26 234.00 161.00 9.13 151.87 
0.00 1.44 261.00 0.26 277.00 163.00 8.46 154.54 
0.03 0.85 234.00 0.26 246.00 154.00 11.62 142.38 
0.03 0.86 193.00 0.26 205.00 153.00 10.44 142.56 
0.03 0.88 214.00 0.24 226.00 152.00 10.27 141.73 
0.02 0.92 251.00 0.24 263.00 147.00 10.17 136.83 
0.02 1.05 274.00 0.24 286.00 152.00 9.15 142.85 
(Note: the units from Table.6-1 to 6-4 are mN for the indentation load and nm for the 
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indentation depths) 
First we calculate the elastic deformation, eh , to obtain the plastic deformation, 
ph . The elastic deformation can be calculated from the unload curve, which is 
characterized using power law equation giving by parameters A, area, m, power, and hD, 
indentation depth at point D as described in Eq.(4-18). The elastic modulus thus is 
solved by using Eq. (4-15). The creep deformation, creeph , is equal to the difference 
between the maximum deformation at the end of the peak hold, maxh , and the virtual 
length, inh , expressing as the following equation. 
increep hhh −= max                                    (6-1) 
The results of four films are summarized in Table.6-5. 
Table.6-2 Elastic Modulus of PMMA Film (3 µm) on Silicon (Mw=120,000) 
Indent No ph  eh  0P  inh  )(GPaE  creeph  
1 124.41 8.59 0.24 133.00 9.51 170.00 
2 128.72 6.28 0.24 135.00 12.28 154.00 
3 125.08 5.92 0.24 131.00 13.50 74.00 
4 126.19 6.81 0.24 133.00 11.66 87.00 
5 125.15 6.85 0.24 132.00 11.64 84.00 
Average 125.91 6.89 0.24 132.80 11.72 113.80 
Elastic Deformation 
A  m  Dh  0P  maxP  peh +  eh  ph  
0.00 2.45 278.00 0.24 303.00 133.00 8.59 124.41 
0.00 1.59 276.00 0.24 289.00 135.00 6.28 128.72 
0.02 1.14 195.68 0.24 205.00 131.00 5.92 125.08 
0.02 1.04 211.00 0.24 220.00 133.00 6.81 126.19 
0.01 1.29 205.00 0.24 216.00 132.00 6.85 125.15 
The results show that substrates have an obvious influence on the elastic modulus 
of the films, even though the thickness of the films are larger than 3 microns, varying 
from 3 to 5 microns. The elastic modulus of glass and silicon are approximately 75GPa 
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and 170GPa respectively1. The film which is coated on the harder substrate silicon has 
a higher elastic modulus than the film grown on the softer substrate glass. It is 
noteworthy that creeph  has no clear trend on substrate silicon and glass. 
Table.6-3 Elastic Modulus of PMMA Film (3 µm) on Glass (Mw=350,000) 
Indent No ph  eh  0P  inh  )(GPaE  creeph  
1 147.83 8.17 0.26 156.00 8.93 106.00 
2 156.07 6.93 0.26 163.00 9.91 101.00 
3 141.14 7.86 0.24 149.00 8.99 120.00 
4 156.31 8.69 0.26 165.00 7.95 103.00 
5 160.77 8.23 0.26 169.00 8.16 91.00 
Average 152.42 7.98 0.25 160.40 8.79  104.20 
Elastic Deformation 
A  m  Dh  0P  maxP  peh +  eh  ph  
0.05 0.75 254.00 0.26 262.00 156.00 8.17 147.83 
0.03 1.02 255.00 0.26 264.00 163.00 6.93 156.07 
0.03 0.89 260.00 0.24 269.00 149.00 7.86 141.14 
0.04 0.84 259.00 0.26 268.00 165.00 8.69 156.31 
0.03 0.88 251.00 0.26 260.00 169.00 8.23 160.77 
 
Table.6-4 Elastic Modulus of PMMA Film (3 µm) on Silicon (Mw=350,000) 
Indent No ph  eh  0P  inh  )(GPaE  creeph  
1 118.08 5.92 0.24 124.00 14.33 52.00 
2 127.32 5.68 0.26 133.00 15.01 42.00 
3 119.64 5.36 0.25 125.00 16.20 73.00 
4 122.46 5.54 0.24 128.00 14.69 113.00 
5 119.28 4.72 0.24 124.00 17.54 99.00 
Average 121.36 5.44 0.25 126.80 15.55 75.80 
Elastic Deformation 
A  m  Dh  0P  maxP  peh +  eh  ph  
0.04 0.89 169.00 0.24 176.00 124.00 5.92 118.08 
0.02 1.13 167.00 0.26 175.00 133.00 5.68 127.32 
0.03 1.04 191.00 0.25 198.00 125.00 5.36 119.64 
0.02 1.12 233.00 0.24 241.00 128.00 5.54 122.46 
0.02 1.26 216.00 0.24 223.00 124.00 4.72 119.28 
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Table.6-5 Comparison of PMMA films (3 µm) on Different Substrates 













Glass 120,000 144.68 9.89 0.25 154.57 7.47 93.57 
Glass 350,000 152.42 7.98 0.25 160.40 8.79 104.20 
Silicon 120,000 125.91 6.89 0.24 132.80 11.72 113.80 
Silicon 350,000 121.36 5.44 0.25 126.80 15.55 75.80 
 
Compared to the coating with the same molecular weights, the measured modulus 
of PMMA coating ( 000,120=wM ) on silicon substrate is 157% that of PMMA on 
glass, and even higher for the coating with molecular weight equal to 350,000. 
Furthermore, the results also show that the elastic modulus of the coating with the 
higher molecular weight is greater than that with the lower molecular weight. When 
the molecular weight is same, the modulus difference may be due to the substrate 
effect with the different elastic modulus. On the other hand, the PMMA molecules are 
dissolved in solution and they are fully extended when coating at high spin speed. The 
coating with higher molecular weight forms a film with a tight pack, and the 
entanglement will be higher. This eventually leads to a greater elastic modulus. 
Table.5-1 in chapter 5 indicated the elastic modulus change when the molecular 
weight increases from 15,000 to 350,000 for the bulk PMMAs. There is a similar trend 
in their films. It verified that if the molecular weight is less than 12,000 the molecular 
weight has no effect on the glass transition temperature2. On the contrary, when the 
molecular exceeds 100,000, the glass transition temperature is up to 25°C different. 
The elastic modulus of a polymer is higher when its glass transition temperature is 
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higher. This is explained in term of the free volume as it was discussed in Chapter 5. 
The elastic modulus is compared using two methods, one of which is based on 
Oliver and Pharr’s method3 and used in the current indentation program. Another 
method is based on the EVEV model. The results are summarized in Table.6-6. 
Table.6-6 Comparison of elastic modulus by different methods 
E  )(GPa  
Substrate wM  
EVEV Model Oliver et. al’s Model3 Bulk 
Glass 120,000 7.47 12.28 
Silicon 120,000 11.72 19.23 
2.81 
Glass 350,000 8.79 15.34 
Silicon 350,000 15.55 27.30 
2.82 
 
Table.6-6 indicates that the analysis method using the EVEV model reduces the 
error introduced by viscoelastic deformation during indentation. Because the EVEV 
model considers the time-dependent influence by holding the peak load for a specific 
time, the calculation reduces the error caused by time-dependent penetration. However, 
the modulus of the film is different if they are compared with the results measured on 
bulk materials. Therefore there are a lot of works to be done in order to understand the 
elastic modulus of the films measured by nanoindentation. 
 
6.4 Creep Behavior of Films 
The creep results for the films are shown in Table.6-7 and Fig.6-1. The results 
show that the substrate influences the films’ creep behavior. Fig.6-1 shows that the 
creep equation (Eq.(4-22)) can also used to describe the creep behavior of the thin 
films. For the same molecular weight, the silicon substrate reduces the creep 
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deformation of the PMMA films, and the creep curve of films coated on the silicon 
substrate has less fitting parameter ih  and a larger retardation spectrum iτ  than 
those on the glass substrate. At the same time, for the same substrate, the creep 
behavior has significant differences when molecular weight varies. The influence of 
molecular weight exhibits the same trend as we found in Chapter 5, i.e., the higher the 
molecular weight, the less the creep. It might be attributed to the free volume variation 
when the molecular weight changes.4-7 
The creep compliance and retardation spectrum are depicted in Fig.6-2 and Fig.6-3 
respectively. The profile of the curves is similar for both creep and compliance. As we 
know, the creep compliance and retardation spectrum are derived from the following 
equation (refer to Chapter 4) 
Table.6-7 Fitting parameters of films prepared by spinning coating 
Substrate and wM  
120,000 350,000 
Parameters 
Glass Silicon Glass Silicon 
eh (nm) 12.58 9.92 11.41 8.36 
1h (nm) 19.18 15.44 17.18 12.22 
1τ (s) 3.03 3.63 4.63 5.20 
2h (nm) 16.55 12.72 16.57 11.01 
2τ (s) 34.13 42.86 41.71 59.02 
3h (nm) 14.85 16.20 21.65 8.98 
3τ (s) 264.46 384.10 394.88 458.29 
0µ (s.nm-1) 33.93 50.48 60.76 261.72 


























htehtehtL   (6-3) 
Where )(0 phfA = , pein hhh +=  and 0P  is the peak hold load. 
 
 
Fig.6-1 Creep behavior of four kinds of film by spin-coating 
Fig.6-2 Creep compliance of four films by spin-coating 
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The retardation spectrum is calculated using Eq.(6-3). The retardation spectrum 
indicates that, for molecular weight equal to 350,000, the different substrates have 
some influence on the peak value of the retardation spectrum. The retardation time 
fitted from creep curve controls the peak position. The peak value is much higher for 
films on glass substrate with molecular weight equal to 350,000, while it is only 
slightly higher when the film coated on glass than on silicon with molecular weight 
equal to 120,000. A few studies3-17 were carried out for the retardation spectrum on 
bulk materials. From the creep compliance and the retardation spectrum in Fig.6-2 and 
6-3, the peak positions are changed with varying iτ . It also can be showed in 
Table.6-7, in which the four films have slightly different values of the retardation time 
iτ  except for 3τ . The biggest difference among the four films is their significantly 
varying viscosity coefficients. For the same molecular weight films, the coefficient is 
higher when the film is coated on the harder substrate; for the same substrate, the 
Fig.6-3 Retardation spectrum of four films by spin-coating 
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coefficient is higher when the film is coated using the higher molecular weight PMMA. 
The phenomena are partly attributed to the varying chain movement capability of the 
different molecular length PMMA. However, much work should be done before they 
can be completely understood, e.g., the effect of the bonding between the polymer 
molecules and the substrate, the effect of the substrate etc. 
 
6.5 Summary 
The spin-coating is used to prepare films and characterized by nanoindentation. 
The results show that the measured moduli of films are greatly influenced by moduli of 
substrates (“substrate effect”). The measured moduli of films coated on substrates are 
higher than those of bulk materials, however, the results calculated using our model 
reduce the error more than using Oliver and Pharr’s model. In addition, the creep 
compliance is controlled by the retardation time, as well as the viscous flow coefficient. 
The properties of the substrate influence the creep behavior of the coating on it. The 
harder substrate has higher viscous coefficient, and the higher molecular weight 
PMMA also has the higher viscous coefficient. 
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 Chapter 7 Conclusion and Future Work 
 
7.1 Conclusion 
In this work, a methodology is proposed to investigate the localized, microscopic 
creep behavior of polymers using nanoindentation technique. For this purpose, the 
following procedure of performing indentation creep test may be used: (i) loading to 
the maximum load of 5 mN  in a rapid speed, generally 2.5 smN /  with 2 seconds; 
(ii) holding at this load for 2000s up to 10000s; (iii) unloading to about 2/3 of the 
maximum load with the same rate as the loading, followed by a slow unloading rate, 
generally 0.02 to 0.005 times of loading rate, to a pre-set load which is about one 
percent of the maximum load or less, and (iv) the load is held at this pre-set force with 
time duration longer than that in the maximum load. 
We propose a semi-empirical model to characterize the indentation creep 
properties of polymers. The indentation creep behavior of the polymeric materials can 
be well described using Elastic-Viscoelastic-Viscous (EVEV) model for both 
flat-ended punch and Berkovich indenters. By controlling the loading and unloading 
rates, the elastic and plastic deformation can be obtained from loading and unloading 
segments. The deformation during maximum hold can be described using 
elastic-viscoelastic-viscous equation. The analysis method derived in this study shows 
a good agreement with the experimental observations. The parameters derived in the 
indentation creep equation are further employed to derive the modulus of polymers, 
which is consistent with literature value. The advantage of the present method is that 
the elastic modulus is independent of holding time as long as the steady stage creep 
can be reached.  
Indentation creep equation is used to derive the creep compliance and retardation 
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spectrum. This information can be further applied to determine other mechanical 
properties such as the loss modulus and storage modulus of polymers. The method is 
useful to understand the mechanical properties of polymers with viscoelastic properties 
and also provides a new analysis scheme on using indentation creep experiments. 
Then we apply EVEV model to the PMMA with varying molecular weights, epoxy 
with varying crosslinking densities and polymeric thin films (Chapter 5 & 6). The 
analysis for the results comes to the following conclusions: 
For PMMAs, the molecular weight has little influence on the elastic modulus after 
certain critical value, while the creep behavior is greatly dependent on the molecular 
weights. In the higher molecular weight, e.g., the longer chain length, the creep 
deformation is larger than that with lower molecular weight. The retardation time 
decreases with increase of the molecular weight, and it determines the peak position of 
the retardation spectrum. Moreover, the viscous flow is more pronounced for the lower 
molecular weight PMMAs due to the easier movement of the lower molecules than 
that of the higher molecules. 
For epoxy, the crosslinking density greatly influences the elastic modulus of 
samples, in which the elastic modulus increases dramatically with increasing 
crosslinking density. Also the free volume in the samples formed during curing, 
post-cure and cooling processes determine the trend of creep behavior of epoxy in 
indentation tests. The crosslinking density has great influence on fitting parameters 
when the crosslinking density is extremely low, but has little influence on those 
parameters when it exceeds some critical values. On the other hand, retardation time 
and viscous flow coefficients are greatly changed when crosslinking density increases, 
the former decreases while the latter increases. 
Finally, the spin-coating is used to prepare films and characterized by 
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nanoindentation. We found that the measured modulus of films is greatly influenced by 
the modulus of substrates. The modulus of films coated on substrates are higher than 
those of bulk materials, however, the results calculated using our model reduce the 
error more than using Oliver and Pharr’s model. In addition, the creep compliance is 
controlled by the retardation time, as well as the viscous flow coefficient. The 
properties of the substrate influence the creep behavior of the coating on it. The harder 
substrate has higher viscous coefficient, and the higher molecular weight PMMA also 
has the higher viscous coefficient. 
However, the investigation of the molecular structures and thin films is a 
preliminary work. We need to investigate some issues discussed in the following 
section. 
 
7.2 Future work 
Although we found the creep equation for nanoindentation tests, it is necessary to 
use tensile tests to verify the parameters used in the equation. The tensile tests were 
done roughly. It is important to keep the test conditions, such as force and stress, 
comparable for both tests. 
As we mentioned before, the investigation on the molecular structure and thin 
films is only a preliminary work, therefore, there is a lot of work to be done on those 
issues. We have investigated the influence of some factors, such as molecular weight, 
crosslinking density and substrate, on creep behavior of polymers. However, it is not 
completely understood the direct relationship between molecular weight and 
retardation spectrum, as well as crosslinking density. For molecular weights, we 
suggest to select one material with same backbone or same side group while changing 
the side group or backbone. For example, we can adopt same backbone polymer with 
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same molecular weight while increasing the chain length of the side groups. For 
crosslinking densities, it is better to understand the relationship between the 
crosslinking density and the free volume, since we have understood the relation 
between the free volume and the creep behavior. For thin films, we need to grow the 
very flat films by spin-coating. The different thickness of thin films should be 
investigated under the same test condition. Then the film thickness may be correlated 
with the creep behavior. 
Since the EVEV model is derived based on the flat-ended punch tip, it is important 
to compare the model using different indenter tips, such as Vicker, Bekovich and 
spherical tips. Those experiments can derive the geometrical coefficient so that we may 
apply our model to any geometrical tips. 
It is noteworthy to point out that the error of indentation test may be quite big 
during the creep test. The results will be different even under the same test conditions. 
One suggestion is to upgrade the hardware of the indentation equipment in order to 
provide the higher stability. On the other side, the surface for any sample should be 
prepared as smooth as possible. The surface of one sample was scanned using AFM 
before and after indentation. The result is greatly affected by the roughness of the 
surface which has the same scale length with the indentation penetration. 
Once we thoroughly understand the abovementioned issues, the nanoindentation 
technique can be accurately used to characterize the polymeric thin films and derive 
their elastic modulus. 








2-B Molecular structures of DER332 and DER354 
 








































Molecular structure of PMMA
Chapter 7 Conclusion and Future Work 
125 




























 Molecular structures of curing agents    (a). LC100; (b). DDS; (c). J400  
 
